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the results and conclusions of other authors in relevant 
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ABSTRACT 
The relative yields of 14 mass chains* in the fission 
of thorium by 14 MeV neutrons have been measured radio-
chemically. Fission-product sources were counted with an 
encfil-window ~-proportional counter which was .. absolutely 
calibrated for as many of the nuclides measured as was; 
practicable. 
The measured relative yields were corrected to total 
chain yields on application of the e~ual charge displace-
ment hypothesis, and a mass~yield curve produced with two 
narrow peaks and a broad trough. Peal{ maxima occ:ur at mass. 
numbers 91 and 137.4, with a peak width at half-height of 
12.5 mass units. The occurrence of a subsidiary maximum 
in the centre of the trough is considered, although in-
sufficient evidence is .. available to delineate this com-
pletely. 
The relative yields were converted to absolute yields 
on imposition of the condition that the sum of the yields 
of all the fission-products must be 200%. The value obtained. 
for the absolute yield of mass number 91 is 6.48 ± 0.3~~. 
* Ma.ss. Numbers: 83, 84, 91, 93, 97, 99, 105, 111, 
112, 113, 129, 132, 139, 143. 
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INTRODUCTION 
(a) General 
CHAPTER I 
.L. 
Man has sometimes been quick to recognise the technical 
applications of new scientific observations; not uncommonly 
before he understands the natural laws governing these obse.r-
v.:ations. Such ·has been the case with nuc·lear fission as. a 
source of nuclear energy. While applications of the fission 
process are now extensive, there is as yet no unified theory 
of the process itself. Applications already include genera~ 
tion of electrical power, propulsion of ships, and the provi-
sion of an intense neutron source of value for both funda-
mental scientific and technological investigations. Nuclear 
fission is also a convenient source of many radioactive. isotopes 
which have numerous applications in res.earch and industry. 
After the discovery of the neutron.,~ Fermi (l) sugges.ted 
that u.transuranium 11 elements might be produced on bombard.-
ment of uranium with neutrons followed. by 13 -decay of the 
uranium isotopes produced. Many experiments were carried 
out in which the activities produced in irradiated uranium 
(and thorium) were erroneously identified as transuranium 
elements. However, in 1939 Hahn and Strassman( 2) showed 
that certain activities induced in uranium could not be 
separated from barium and lanthanum in fractional crystal-
2. 
lizations of barium/radium and lanthanum/actinium and con-
eluded that these activities could only arise from a splitting 
of the uranium nucleus. In the subsequent years many fission-
product activities of uranium and thorium were identified. 
The analogy of a fiss.ioning nucleus with a liquid drop was 
first pointed out by Meitner and Frisch. ( 3) They also sugge.s-
ted the name for the process-. 
From a consideration of nuclear binding energies. it was. 
soon realized that fission would be accompanied by a large 
energy release.( 3 ,4 ) When it was discovered that each neutron-
produced fission vras accompanied by the emission of more than 
one neutron, the production of a divergent chain reaction was 
anticipated. At this stage in the inves.tigations of nue:lear 
fission World War II had broken out. When the possibility 
of using nuclear energy in an "atomic bomb" was. realized, 
investigations in this field became restricted to gov-errunent 
establiehments, and classification of results prevented general 
publication. The initial investigations of the fission process 
which were carried out before the war were reviewe.d by Turner( 5 ) 
in 1940. The work carried out under the "Manhattan Project" 
during the war, which culminated in the production of the 
firs.t atomic bomb, was eventually declassified, and published 
in a comprehensive series of volumes, the "National Nuclear 
Energy Series". Of particular relevance to the current 
investigation are those volumes edited by Coryell and 
Sugarman( 6 ) - "Radiochemical S.tudie·Si: The Fission Products." 
In recent years many aspects of the fission process have. 
been inves.tigated in an attempt to obtain a more complete 
unders:tanding of this complicated process. As will be seen, 
the models so far sugges.ted for a fissioning nucleus are not 
capable of explaining all the observed experimental facts. 
It is only by accumulation of more experimental details and 
an ass.essment of all the facts that a comprehensive model 
might be obtainedJ .• 
Soon after the discovery of fission Bohr and Wheeler(?) 
applied the liquid &rop model to the fissioning nucleus, and 
were able to predict several fission parameters which were, 
la.te1~ experimentally verified (e.g. the threshold for fission 
, 
of certain nuclides.). However, the liquid drop model could 
not in any way explain the predominance. of asymmetric· fission, 
which is a feature common to many of the fissile nuclides 
inves.tigate.d. Some success has been achieved in this direc-
tion by application of the shell model of the nucleus, in 
which the asymmetry is explained by the preferential forma.-
tion of nuclides in the region of c·losed shells. (B, 9 ) The 
source of small irregularities in the m~ss-yield curve;s, 
which are termed "fine-s;tructure 11 is still a source of con-
troversy. Recent s.tudies of fission of elements lighter than 
/ 
4. 
uranium have been comprehensively summarised by Hyde.(lO) 
The varying contributions from symmetric. and as.ymmetric: modes. 
in the fission of these elements has. not been satisfactorily 
explained. (lO, l 4 ) 
(b) Nucleal"' Fission 
The term fission is normally used. for proce.sses in which 
a heavy nucleus, divides. into two principal fragments. of com-
parable mass.. A few fissions have been observed to occ:ur with 
the production o·f three fragments., but in these cases; the 
third fragment is. a light particle (e.g. an o(-particle or a. 
tritium nucleus). The first studies, of the phenomenon were 
of fiss.ion induced by neutron capture, but it is. now 1'~nown to 
-De a more gern:n•al pl"'ocess irvhich may follow nuclear excitation 
of heavy elements. by other methods. Nuclear reac:tors depend 
on neutron-induced fission which therefore occupies a position 
of particular significance. 
Although a number of neutrons. may be released at the 
instant of fission, the main fragments retain approximately 
the same neutron/proton ratio as the fissioning nucleus. 
Since this ratio is normally too high for stability, each 
primary fission product decays to a. stable isobar by the 
emission of a series of /3 -particles.. "Cha:i~s;" of i.sobaric: 
(11) -fission p.roducts. have been tabulated, and examples. of 
such chains are given in Fig. 1. The wide number of fiss:ion 
Fig. 1 Examples of Fission Product Decay Chain 
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product chains known is indicative of the variety of modes of 
fission which can occ.ur. 
The position of a primary fission fragment in a decay 
chain is dependent on the nuclear charge di.is.tribution at the 
instant of fission. The fraction of fissions in which a. given 
isobar is produced as. an initial fragment is knovm. as the 
independent yield of that isobar. Because of the l"apid decay 
of many of these initial fragments. independent yields are often 
difficult to measure experimentally. However for a limited 
number of' chains measurements are possible in those cases 
where a given isobar is preceded by a much longer-lived or 
stable isobar and its yield in a short irradition can clearly 
be attributed to its direct production. 
Measu1 .. ements of independent yields have shown that ·the 
nuclear charge. for any giv.;en mass;, ZA' is usually distributed 
about a most probabl~ e:harge Zp• For low and mediwn energy 
fission this distribution is bast accounted for by the hypo-
thesis of equal charge displacement, as first sugges.ted by 
Glendenin and Coryell, (li.2) which may be written as 
(ZA - Zp)light fragment = (ZA - ~)heavy fragment• 
For high energy f'ission, res.ult s are best fitted by an un-
changed charge distribution, i.e. 
(i') fission products. = (i) fissioning nucleus. 
From these hypotheses it is possible to estimate that fraction 
6. 
of the total yield for a given mass number which is represented 
by the measured yield of an isobar removed from the end of the. 
mass chain. 
If the absolute fission yield of one nuclide can be measu-
red, others may be found by measuring relative yieldl.s. A 
direct determination of the absolute yield of a given nuclide 
requir·es knowledge of (1) tlle total number of fission e.vents 
in the sample considered, and (2) the total number of nuclei 
of that s~ecies which had resulted from the measured number of 
fissions. 
The number of fiss:ions occ:uring in a given sample of 
irradiated material may be determined by counting the number 
of fissions in a small sample of material in a fiss.ion chamber 
irradiated. simultaneously with the bulk of material under 
inves.tigation. Alte1"'natively where sufficient knovvlcdge of 
cross:-sections is available the number of fissions may be 
estimated from the yield of some other reaction. 
Absolute fission yields may also be determined by normal-
ization of relative yields, i.e. by imposing the condition 
that the sum of all the yieldi.s should be 200'}&, since each 
fission results in the formation of two main fragments. This 
is the method which is frequently used to fix the absolute 
scale for yields on the mas.s .... yield curves: which are dravm. 
Measurements of the yields of fission product nuclides 
may be performed by mass-spectrometric or radiochemical methodi.a. 
If the fission products. to be considered are stable 01" 
suf'ficiently long-lived they can be determined mass-spectro-
metrically. Where suitable radioactive species. occur, their 
7. 
yields may be measured radiometrically. Considerable ac:c:uracy 
has been claimed fol" mass~spectrometric. measurements, but such 
determinations are only possible where sui'ficient atoms. are 
produced for mass-spectrometer sources.. Because of this r.~s.tric­
tion, measurements of this type have been restricted to yields 
from pile-neutron fission, where the fiss.ions have bee.n induced 
by neutrons of varying energies. 
Greater insight into the mechanism of the act of f'ission 
might be gained by studies of' fission induced by mono-energetic 
particles. However, wher·e suci1 particles are available, the 
number of fissions ;,7hich can be Iri.ade to occur is too. low to 
produce sufficient atoms for mass-spectrometric studies., and 
fission ;>rields can only be measured by l"'adiochemical techniques. 
Beca-us.e of the difficulties of determining absolute dis:integra-
tion rates, the acc·uracy of this method is seldom considered 
better· than 109'6. 
(c) Fission Product Mass. DistI•ibution 
The predominane:e of asymmetric fission is a common feature 
of fission of the heavier elements. The original radioche1nical 
investigations of Hahn and Str.assman( 2 ) showed that the pro-
ducte. of neutron-induced fission of uranium were comple-
mentary light and heavy fragments rather than fragments of 
comparative mass. 'rhe mass-yield curve f'or thermal neutron 
fission of 235u~ll)vn1ich has been obtained by mass-spectro-
metric and radiochemical measurements, conaists of two 
a. 
peaks with a deep trough between them, indicative of pre-
dominantly asymmetric fission. As the energy of' the fission-
ing nucleus is raised, the occ:urrence of SiYmmetrical fission 
and highly asiY'mmetr·ical fission increases, resulting in the 
raising of the valley of the mass-yield curve and a splaying 
of the sides of the peaks. At very high energies symmetrical 
fission predominates, and the mass-yield curve takes the form 
of' a single broad hump. Thes.e features are common to the 
highly f~le elements which have been investigated(ll) 
( thori wu, UI'anium, plutoniun1). 
F'ission product mass distributions have been inferred!. 
from kinetic energy measurements of fission fragments in 
ic:r.nization chambers.<13) Whilst this method confirms 
asymmetric fission, with the maximum yields at mass nwnbers 
comparable with those obtained radiochemically, the peak/ 
trough ratio is different to that obtained by radiochemical 
methods. This discrepancy might be explained by the total 
fragment kinetic energies depending upon the mass ratio. 
It has been implied from fission fragment range measurements 
that the kinetic energy available in symmetric.al fission is 
lower· than that of asymmetric fission. (l4 ) 
Owing to its importance in the nuclear energy industry, 
fission of uranium is the most thoroughly investigated. In 
order to obtain a better understanding of the fission act 
it is desiI•able that fis,sion of as many nuclides as possible 
should be investigated, and also the variations of the 
phenomenon with diff'e1"'ent bombai-•ding particles. of differ·ent 
energies. With the advent of' high energy accelerating 
machines, and their development to very high energies, it 
9. 
has become possible to study fission induced by particles over 
a considerable energy range. Improvements of counting e,qui.p-
ment to give reliable measurements at low counting rates has 
facilitated s.tudy of fission produc:ts produc:ed in low yields 
e.g. in spontaneous fission. Considerable radiochemiea.l work 
has been done, and is currently being carried out to increase 
our general knowledge and to elucidate, the mechanism of the: 
fission procesa. 
In recent years it has. become possible to synthesise 
elements heavier than uranium by nuclear reactions. Thes.e 
elements are increasingly fiss.ile with increasing atomic 
number, and the limit to the heavies.t element attainable. 
appears to be the ins..tablli ty of thes.e elements with respect 
to spontaneous fission. The mass~yield curves for fission of 
these elements are of the familiar double-bum.p~d,:.shape. As 
the mass. number of the fissioning nucleus is inc1 .. eased, the 
10. 
position of the peak for high yields of light fission frag-
ments moves to a heavier mass number, whilst the position 
of the peak for heavy fragments remains unaltered. The· con-
s.tant position of the heavy pealr has been attributed to the 
special stability of nuc:lides in the region of mass number 
132 where a nuclear shell is completed (50 protons, 82 
neutrons,) • 
The curves of mass yield for fission of bismuth and 
lighter elements consist of single symmetrical peaks. In a 
recent study of the fission ~f radium with 11 MeV protons.(l5 ) 
a mass,..yield curve consisting of three humps was, observed. 
The trans:i tion between the three: humps of the mass-yield curve: 
for radium and the familiar two-humped curves for the asym-
metric. fiss.ion of the heavier elemento might show itself in 
the neighbourhood of thorium. 
(d) F'ission of Thorium 
In their dis:covery of the fission pr•ocess, Hahn and 
Strassman( 2 ) also investigated. the effect of neutrons, on 
thorium as well as uranium, and were able to identify some 
thorium fiss.ion products. A preliminary s.tudy of the fission 
pI•oducts of' thorium was; ma.de: by N.E. Ballou and co-worke.r.s, (l?) 
whilst worlcing for the Manhattan Project. However, owing to 
the g_reater interes.t in uranium fission. at the time, fission.. 
11. 
product activities were only tentatively identified, and 
sugges.tions made for separation proc.edures where the daughters. 
of thorium might interfere. 
A radioehemical study of' the fission of 232Th with 
pile neutrons of estimated ef'fective energy 2.6 MeV was pub-
lished by Turkevitch and Niday in 1951.(lS) A. double-
humped mas.s:.-yield curve was produced, as shovm in Fig. 2, 
with a pealt-to-trough ratio of 110. The curve was. found to 
be very flat in the region of' symmetrical fission compared 
with the corresponding curves for uranium and plutonium. 
The possibility of a subsidiary maximum in the centre of the 
trough wa.s sugges.ted, but not confirmed., owing to the large· 
experimental error in the yield of 115cd which would define 
it. It was• also sugges:.ted that the curve produced might be 
the superimposition of two mass-yield curves:- the double-
humped curve of asymmetric fission, and a curve with a broad 
maximum in the region of symmetrical fission. 
The work with pile neutrons wa.s: followed. by an investi-
gation of the fission of thorium by neutrons of 6-11 MeV 
from the Li + D reaction.(l9) The error o-f: the relative yields 
for this inves.tigation was estimated to be 2~, and even 
greater for certain nuclides counted.. A curve has: been 
dirawn through the measurements published, and is produced 
in Fig. 3. Once again, there would appear to be the pos,si-
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bility of a subsidiary maximum in the centre of the trough. 
Mass-yield curves have also been produced for fission 
of thorium with «.-particles., <20 > protons;~ <21 > and for photo-
fission, <22> of the double humped type. Hqwever these curves 
are not directly comparable with neutron induced fission of 
thorium, as different compound nuclei are formed in ea.ch cas.e:. 
Kennett and Thode< 23 ) have measured the cumulative yields of 
krypton and xenon isotopes produced in the faat neutron 
fission of 232Th by the mass-spectrometric technique. Apart 
from supplementing the data of Turkevitch and Niday, some 
fine structure was detected in the regions of mass. numbers 
84 and 132. 
The present inves.tigation of fission of thorium (232Th) 
with 14 MeV :neutrons was. undei.,taken as part of a series of 
investigations of fission of actinide elements being carried 
out at the Londonderry Laboratory for Radiqchemis.try in 
order to determine the mass~yield curve for fission of 
thorium at this energy. It is only by the accumulation of 
d!ata such as this that a complete understanding of the pheno-
menon of fission will be possible. 
13. 
CHAPTER Ji! 
INVESTIGATIONS OF DETAILED PARTS OF EXPERIMENTAL PROCEDURE 
AND DESCRIPTION OF .APPARATUS 
(a.) Outline of' Inves.tigations 
The extent to which activities present. in the material 
to be irradiated contaminate the activities of' the radio-
chemically separated fiss.ion produc·ts after irradJiation is. 
dependent on the yields of' the latt.er, and the ef'fi c'iency of 
the radiochemical separ·ations. For the current s.tudy such 
interferences were expected to result in the contamination 
of fission-product barium activities by radium daughters of 
thorium: MsTh1 ( 
228Ra) and ThlC ( 224Ra.) and a chemical pro-
c:edure was de.vised to reduce thes.e activities in the samples 
of thorium before irradiation. 
The irradiations. were performed using a Cock1·oft-We:U. ton 
a.ccelera.tor to produce 14 MeV neutrons by the bombardment of 
tritium with accelerated d.euterons. To make allowance for 
the eff'e.ct of' f'luc:tua tions of the neutron flux on the yields 
of different nuc·lide·s the neutron yi.eld was moni tore.d. through-
out irradiations by counting proton recoils in an organic 
s.e·.intillator fixed! in the irradiation ch amber. The effect of 
posi.. tion of sample and hence of slight variations of' neut.ron 
energy, on f'is,sion product yields. was investig~ted .• 
After irradJiation the target material was. diss.olved and 
inactive carriers. added. for the f'iss.ion products. to be, separa-
ted. In order to reduce errors due to adsorption of the 
- 14. 
radioactive species on glassv1are the carriers were adcled to 
the total solution of irradiated material. In order to obtain 
the highest possible counting rates the elements to be measured 
were isolated from the total solution. 'rhus the c-hoie:e of 
elements to be sepai-•ated from a given irradiated sample was. 
restricted by the compatabili ty of the added carr•iers and the 
requirements.pertaining to the chemistry needed for the 
separation of each element. 
After steps to ensure complete isotopic exchange between 
fission products. and added carriers (e.g. digestion, redox 
cyc.les) the chosen elements were separated and radiochemically 
purified, in preparation for counting. Several collected. 
radiochemical proc·edures for the isolation of fission products. 
. (6 24 25) have been published '- ' • The methods. used in the current 
investigation were based upon these procedures., with suitable 
modifications talting account of the chemistry of tl'lorium. in. 
the solution and the presence of and need for separating other 
elements. The effect of thorium and its daughters on the 
isolated fiss.ion products could be inves.tigated_ by carrying 
out trial separations from solutions, of unirradiated thorium 
and counting the sources. so produced. 
In order to relate the results of several irradiations. 
it is necessary to s.epara te a refe1 .. ence element from each 
irradiation. For the current investigation 17.0 hour 97zr 
was chosen as the reference element. The reason for this will 
15. 
be outlined later. The reliability of this fission-product 
internal standard was checked by a comparison with an external 
reference element. 
The separated fission products were mounted on fibre-
glass filter discs and dried for weighing and counting. 
Assay of radioactive fission products was carried out by 
counting with a gas-flow end-window /'-proportional counter. 
In order to determine the absolute disintegration rates this 
counter was calibrated against a 411" gas-flow ,.-proportional 
counter. Where direct calibration was not possible owing to 
the half-life of the species counted, or the presence of other 
isotopes of the element with comparable half-lives, extrapola-
tions were made fr•om the known calibration curves, taking 
account of the ~ -energies of the nuclides concerned and the 
electron densities of the sources. Use of the end-window 
counter facilitated rapid exchange of sources when several 
sources were to be counted, and eliminated the tedious produc-
tion of 411" sources after each irradiation. The proportional 
counter was also used to detect ~-radiation from thorium 
contamination when the separation procedures were being in-
vestigated. 
(b) Preparation of Thorium for Irradiation 
In all investigations thorium nitrate of 'Analar' quality 
was used as a starting material. In those cased where trial 
16. 
separations. of added carrier materials had. shown the sources. 
prepared to be free of c.ontamination from the radioac.tive 
daughters. of thorium it wa.s. possible to use this thorium nitrate 
directly for irradiation. For the.se irradiations, the thorium 
nitrate: was oven-d!ried and. a sample (usually 2 gm.) heat-sealed 
in a 1.5 cm. square packet of polythene (.003 ins. thick.). 
In those: cases where the daughters of thorium were fh own 
to follow fission products in their sepa~ation proc.edures it 
was more convenient to remove the daughter activities from the 
thorium before irradiation than to s,eparate the induced fission-
product activities. from the thorium daughters which followed 
them after irradiation. It is simpler to remove- 228Ra and 
224Ra. from a solution of thorium by scavenging precipitations 
of barium sulphate than to isolate a comparatively small barium 
a.c:tivi ty from a large. radii um contamination. Other procedures 
in which the separa.ted. elements were found to be contaminated 
with thorium daughte.rs were (i) the separati.on of ruthenium. 
in which 220Rn was· carried over with ruthenium in a distilla-
tion procedure, and (ii) the separation of antimony by solvent 
extraction where 212Bi was; found to follow the antimony. 
The thorium series is shown in Fig. 4. It can be seen 
that it is possible to remove the gross, daughter ac:tivi ties. 
by repeatedly scavenging for radium (M~Th1 and ThX), actinium 
(MsTh2), lead (ThB), and bismuth (ThC). The effect of 
different scavenging precipitations was meaw.red by observing 
Fig. 4 'rhe Thorium Decay Series 
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the d!.ecreas.ed activity of the s,cavenged. thorium solutions in 
a liquid G.-M. counter of the annular type. The rec:ove:ry of 
purified thorium was; determined by titration with E.D.T.A. 
as des,cribed by Schwarzenbach. 26 The proc·edure finally 
adapted, wl1ich consisted of scavenging precipi ta ti ens of 
barium and lead. sulphates, bismuth sulphide, and lanthanum 
carbonate, is given below. 
Removal of thorium daughters and preparation for irradiation 
Step 1. A sample of 2 gm. of thorium mitrate was dissolved in 
10 ml. of wai.ter, and l ml. each of carrier solutions for barium 
and lead. (each c:ontaining about 10 mg./ml. a.s nitrate) was 
added. The e.olutioni. was warmed. and. 0.5 ml. of 5N sulphuric 
a.c;id added dropwis:e, vrith stirring, to prec:ipitate barium and 
lead sulphates. The solution was. cooled and filtered through 
Whatman No. 42. filter paper. 
S.tep 2. A s ec'.ond precipitation of barium and lead was car1 .. ied 
out by addition of the carrier solutions. and sulphuric: acid. 
to the filtnate. fPom Step l. The precipitate was. remove.d. by 
filtration and discarded. 
Step 3. 1 ml. of bismuth carrier solution (containing 10 mg. 
Bi/ml.) was added to the filtrate from s.tep 2. Bismuth S'\tl-
phide was. pre.c;ipi ta.ted. on passing hydrogen sulphide through 
the solution for one minute. The precipitate was removed by 
filtration and discarded. 
Step 4. The bismuth sulphide scavenging prec·ipi ta ti on was 
repeated. 
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Step 5. The solution was. made a.lkaline with concentrated 
ammonia, and diges.ted. with addition of powdered ammonium car-
bonate until the thorium hydroxide which was precipitated 
redlissolved. as the double carbonate. 1 ml. of lanthanum 
carrier solution was; added., md the solution s~tirred as lantha-
num carbonate was precipi talte.dl.. The precipitate was removed 
by centrifugation and discarded. 
Step 6. The s.cavenging precipitation of lanthanum earbonate 
was repeated twice more. 
Step 7. Bas.-ic thorium carbonate was recovered from the solu-
tion by precipi ta ti on on addition of c·onc:entra ted nitric acid 
to adjust the pH to 4. The precipitate was. centrifug~d. and 
tne supernate discarded. The p.recipi tate was then washed. 
with water and c.entrifuged down to a thick paste, which Vias. 
transferred to a polythene ~a·psule for irraa:ia tio:g,. 
With.the foregoing procedure it was. possible to reduce 
the activity associated with a sample of thorium by a. factor 
of 150 at the end of the purification, with a recove~y of· 
purified. thorium of 60%. The reduced yield was att.ributed 
to s.ome precipitation of thorium .sulphate and incomplete pre-
cipitation of the ba·sie: e:arbonate. The ac.tivity a.ssoc:iated 
with l gm.. .. .of thorium a.t the end of a purif ica ti on was. found 
.L~. 
to be less than 100 c_,p.m. when measured. in the annular G.-M. 
counter. The observed reappearance of activities. in purified 
thorium is illus.trated graphically in Fig. 5. 
Owing to the fa1rly rapid reappearance of some of the 
daughter activities. it was considered desirable that their 
removal be carried out immediately before an irradiation. 
The re.appearance of activities. also prevented drying of the 
ba.sic· carbonate precipitate as this required. considerable time .. 
( c) The Neutron Sourc.e 
A high flux of essentially monoenergetic neutrons was 
produced by the reac:tion:-
This reaction has. a high broad res.onance for deute.1"'ons of 
100 ke.V s;triking a thin tritium target. 14 MeV neutrons are 
produced. 
A deute:ron beam of s.ui table energy was. available in the 
Londonderry Laboratory for Radiochemistry from the Cockroft-
Walton type accelerator built by G.R. and E.B.M. Martin. 27 
The tritium targets, a.s des.cribed by Wilson and Evans28 , 
were obtained. from the Atomic Energy Authority. Each target 
containea about one eurie of tritium absorbed in a thin film 
of ~;ire.onium or titanium metal supported on a copper disc 
(2.5 ems. diiameter). For convenience each disc: was divided 
into four segments which were bombarded separately. 
1000 .... ~~~~~+-~~~~~~~~~--1~~~~~ ....... --~~~--t 
soi> 
400 
0 •0 '10 30 
Fig. 5 
Growth of daughter activities into 1 gm. of purified 
thorium, recorded with annular type liquid G.M. counter •. -.'. 
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The target segments were s.oldered. onto a copper disc 
(2.0 ems. diameter) which was: then mounted in the targe.t block 
with Wood's metal. Owing to the considerable dissipation of 
heat in the !;arge:t on bombardment good thermal contact was 
essential in its mounting. The target assembly is illus.tratedi. 
in Fig. 6. It is st tua ted centrally in the targe:t chamber, 
well removed from any objects which might increase the flux 
of scattered, degraded neutrons in the vicinity of the sample. 
The sample to be irradiated was. attached:. to the bottom of the 
target block by rubber bands. 
Under normal running c:ondi tions. a deuteron beam current 
of the order of 200 f amps was obtained. This was capable of 
producing a neutron flux of about 108 neutrons /cm. 2/second 
at the surf·ace of' the target blqck, with a fresh target. 
The life of a given s.egment was ~imi ted to about a thousand 
)"-amp-hours. bombardment. This has. been attributed to the 
loss. of tritium from the heated area of the targe·t and the: 
deposition of pump oil on the target. 28 
For a given D-T. interaction, the energy of' the neut.ron 
produced is dlependent on its. angle of emission r~lative to 
the inc:oming particle. The neutron energy may be e:alculated 
from kinetic eonsiderations. The neutron energy as a function 
of the angle of emission is plotted. in Fig. 7. for several 
deuteron energies. 
~· 
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In the 14 MeV region the fission cross-section of thorium 
is a varying f'unction of neutron energy, and if different 
fission mechanisms are involved the relative yield values 
may also vary. To obtain sufficient neutron intensity 
irradiations were nor·mally ca1'ried out ver•y close to the 
target of the accelerator, with correspondingly poor defini-
tion of' the efi'ective neutron energy. The effect of slight 
variations in neutron energy on the shape of the mass-yield 
curve was investigated by irr·adiating pairs of samples placed 
respectively in the foreward direction and perpendicular to 
the deuteron beam, where the effective neutron energies were 
14.8 and 14.1 MeV respectively. From these samples zirconium 
and silver were isolated and the ratios of the activities of 
113Ag and 97zr measured. The results, which are treated in 
detail in the section on silver activities (page 64) indicated 
no significant variation of the relative yields with the 
variation of neutron energy indicated. 
(d) The Reference Element 
This fission-product element must be isolated after each 
irradiation in order to corr·elate the r•elative yields measuI'ed 
in each exper•iment. 'fhe element should be easily isolated 
from the solutions of irradiated material and its radiochemical 
purification easily carried out. It is desJrable that the 
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chosen element be produced in high yield (to ensure su:f'ficiently 
high counting r•ates :f'or good statistical accuracy) and the. 
°' 
choice' of' half-life is determined by the length of irradiations 
and the time available for chemistry and eounting. 
In their early studies of thorium fission Turkevitch 
and Niday18 determined yields. relative. to 54 day 89sr. T.his 
nuclide waa far too long-lived for the current inves.tigations. 
82 minute 139Ba has. been used as a reference. element for 
studies of uranium fies.ion, 30 but its use. here· vras preclude<ili 
beeause of the problem of decontamination from radii um :ii.sotopes. 
67 hour 99Mo has. also been used. as a reference. in st.udies of 
uranium fission, and its use wa.s considered for the present 
work. .Howc.ver, preliminary experiments indicated that the 
molybd.eJ.l:1lm. activities. attainable were rather small. These: 
low counting 1•ates may be attributed to the lower yield of 
molybdenum in thorium fies.ion as compared. with uranium owing 
to the al te:ring of the position of the lighter mass. peak, 
and to the lower fission cross-section of thorium compared 
to uranium. 
Preliminary experiments indicated that 17 hour 97zr 
might prove: a suitable reference element, and it was the 
nuclide finally chosen for this purpose. Produeed with a 
greater yield than molybclenum, its activity was also enhanced 
by a 67 minute. niobium ~aughter. Ita radlioehemical purifica-
tion ·provided no difficulty and the dec:ay of zirconium source:s 
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showed them to be free of contaminating activities. The 
chemical separation procedure is given on page 40, and resui:ta. 
on page: 45. 
The variability in the determination of the reference 
nuclide yield was inves.tigate<il: by comparison with an external 
standard. The homogeneous mixture technique, developed in 
the Londonderry Laboratory for Radiochemistry for cross-se.e:tion 
measurements:29 , was used. Samples of an intimate mixture of 
thorium nitrate and pure iron granules were irradiated. After 
separation and counting, the fission-product zirconium activity 
was, compared. vrith the activity of 56Mn produced in the iron 
by an (n,p) reaction. The ratio of the activities was found 
to be reproducible within about l~~. The details of this worlc 
are included in the section on zirconium (page 4.3:). 
(e) Preparation of Solid Source.s For The End-window Counter 
In the final stage. of a raadiochemical separation pro-
cedure the fission product activity with its. ina.ctive: carrier 
was precipitated in a suitable gravimetr•ic form for chemical 
yield determination and counting. 
It has been common practice to mount such preeipi tates-
on filter-paper dis.cs for weighing and counting. Sources 
prepared in this manner tend to curl up and their hycilrophylic 
property necessitated their weighing under very carefully· 
regulated conditions. 
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The possibility of using discs of sintered. polythene 
for mounting the precipitates was inves.tigated. An attempt 
to mount a precipitate of barium oxalate on a sintered. 
polythene disc was, unsuccessful, the pore size of the si nte:r 
being too large to support the precipitate. Although un-
suitable for the mounting of sources, this sintered polythene 
was used as a support in the fil tervfunnel for' .. · the filter discs 
finally ohos.en. 
The use of glass-fibre filter discs for gravimetric 
purposes was, reported by Ma and Bene.detti-Pichler in 195331 • 
Such discs. be:came commerc;ially available at the time of c:om-
mencing the current inves.tigations (Whatman GF/A, 2.1 c·ins .• 
diameter-). These discs were supported. on s:intered polythene 
in a demou..ntable filter chimney (Fig. 8) which limited the 
area of the precipitate on the discs to a reproducible cir·Q;le, 
~ inches. diameter. The discs were placed in the fil te.r 
chimney and washed by a standard proe.edure of three washings, 
with 5 ml. of water, two washings with 5 ml. of alcohol, and 
two washings with 5 ml. of ether. The disc:s were then placed 
in a vacuum desiccator which was, eYacuated for two minutes 
using a water pump. The vacuum was. released, and the 
de:sice.a tor evacuated again for transference to the balance. 
room', 
The discs were weighed on a Stanton s.emi-micro balance 
Polythene 
sinter 
Fig. 8 
• 
I In 
Demountable filter stick 
25. 
(Model MClA) to the neare s.t 0. 01 mg. When treated in the. 
foregoing manner, the weight of the disc was found to be 
constant, even after standing in room conditions. for several 
days. The weight of the discs. was also una.ffecte.d by washings 
with dilute acid solutions from which the precipi tate:s were 
usually f il t.ered. 
The precipitates. produced from the radiochemical separa-
tions normally weighted 10-20 mg_s .• , depending upon the. 
chemical yields of the proc.edure:s. The balance weights. were 
accurately lmovm to ± 0.05 mg. SJ that the chemical yields. 
determined by weighing were accurate to within + 0.5%. 
The sources were mounted. in s.tandard aluminium planchets 
which were s:tcred in dust-proof trays until required for 
counting. 
(f) The End-window Gas-flow (d -proportional Counter 
The counter, which was cons.tructed mainly of brass, is 
shown in Fig. 9. The end window of the counter (2.6 ems .• 
c1iameter) was a thin VYliJ"S plas;tic film ( 80 g/cm. 2) prepared 
in the same way as. 4TT films (see page= 31), but with several 
layers of film on the support. The film was gold~coated on 
its interior side in order to conserve a. uniform elec:tric 
field inside the counter. 
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The end-window a-proportional counter. 
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The anode was a circular loop {j inch. diameter) of 
e:ons.tantan (0.001 inch diameter). This was soldered. to a 
nickel tupe which was held in the top of the counter by an 
insulating te,flon plug. 
'l'he counter filling was. a standard mixture of 90% argon 
and 10% methane, which was purified by pas.sage: over heated 
platinum gauze (to remove: oxygen) ~nd ''Anhydrone" to remove 
water vapour. 
The gas.-flow system and associated electronic:s, for the 
counter are depicted. diag:Damatic:ally· in Fig. 10. The counter 
was. mounted on a perspex &tand with milled slots to ac:eurately 
position the counting trays,. This was contained in an 
aluntinium-lined leadi cas.tle in order to reduce, bac·k-scattering 
and background effects respectively. 
The E.H.T. supply was obtained from a 2kV line in the 
laboratory, through a 1007 potentiometer unit and a filter 
unit to eliminate spurious pulses.. This was connected. to 
the counter anode through. a high resistance: (l •. 5 Megohms) •. 
The pulses produc:ed were amplified by a head amplifier 
{Type 1008) mounted close to the castle and a main amplifier 
(Type 1008). The overall amplification obtained was. of the 
order of 106 • 
The amplified puls·.es were fed into a scaler (Typ.e 1009A) 
c.ontaining a variable discriminator level which was. set to 
. ·' 
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Gas f'low system and electronics f'or the end-window courrlier. 
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excludie valve nois.e from the amplifier. The pulse.s. were also 
fed into a ca.thode i-•ay oscillos:cope monitor .(Type 1000) for 
visual observation. This was especially useful in the diag-
nosis of faults. 
The optimum working conditions for the counter are 
tabulated below. With the settings indicated a plateau of 
200 volts was obtained, with a s.l.o.pe of 0.05% per volt f"or 
~ -e:ounting. For «-c:ounting a s.imilar pla.teau was obtained, 
but at a lower worlcing voltage. 
Table 1 
End-window~ -proportional counter No. 54 
Amplifier Type 1008 
Differentiation Time ::: 0.4 rse:c. 
Integr..a.tion Time = 0 .4 r sec. 
Attenuation :::: 10 db .• 
Scaler Type 1009A 
Paralysis Time· 
Disc. Bias, 
E.H.T. 
For (0 - counting 
For ex - counting 
= 50 rsec. 
:::: 15 vol ts .• 
= 1.84 kV. 
= 1.15 kV. 
Occasional sources. of spurious. pulses which had. to be 
eliminated we~e:-
1. Electrical breakdown of counter insulation due to 
humidity. 
2. Faulty connections, sometimes occasioning pick-up ... 
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3. Spurious pulses from the mains which passed the filter 
unit. 
BreaKdown of insulation due to humidity was overcome 
by wiping the teflon part of the counter with methanol, and 
drying with a hot-air &rier. Similar treatment was sometimes 
also necessary for the connecting unit. 
Pick-up from faulty connections was located by isolating 
different parts. of the set-up, and the faulty connec·tions 
replac·ed. 
Spurious pulses fr-om the mains were often traced to 
miscellaneous s.witchinc; circuJ.ts in the labor·atory (e.g. 
thermos.tats, ovens., etc.) to which suppresso1~s, were fitted .• 
The reproducibility of counting measurements was. f're-
quently checked by counting a standard source! (Ra. - DEF.) 
The standard count was; found to vary by ± ~fo, poss.ibly due 
to the effects of temperature on the electronics associated 
with the counter. 
The accuracy of counting fission-product sources was 
limite~. by the time available to count several sources. and 
the counting rates of' the s.ources. In general mor·e than 103 
c.ounts were recorded for a measurement, to ensure a standard 
deviation of not more than '9/oo 
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In order to obtain the absolute disintegration rates for 
the sources counted in the end-window counter, it was c.alibra-
ted for sources of varying weights which were prepared from 
solutions whos.e absolute activity was determined by 4tr 
counting. 
(g) Calibration of The End-window (a -proportional Counter 
General Procedure 
The procedures used for the calibration of the proportional 
counter can c-onveniently be divided into two parts,: (i) 
Preparation of solutions of high specific ac:tivi ty and an 
accurate measurement of that activity, and (ii) Addition of 
the activity to a measured quantity of carrier solution, and 
preparation of sources of varying weights from this solution, 
for counting in the end-window ~ -proportional counter. From 
the data obtained e:urves can be drawn of the effie·iency of 
the end-window counter ( observed counting rate ) . t 
absolute dis.int,egration rate agains. 
source weight and us.ed to determine the efficiency of counting 
fission-product sources. 
( i) Preparation of solutions of high specific ac:ti vi ty 
These solutions were prepared from samples of pile-
irradia.ted_ uranium or carrier-free solutions obtained. from 
the Radiochemical Centre, Amersham. Where radiochemical 
separations, ha<i to be carried out to isolate the required 
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a.ctivi ties, from solutions of irradia.ted. uranium the procedur·es, 
used were those reported in the li te1"ature or those developed 
for the current work scaled down for use with 1 mg. added 
carrier. The ac:tivi ty associated. with less than 1 mg. 
rec:overed:. carrier in solution was usually so great that con--
siderable dilution wa.s necessary before pre:paration of sources. 
for 41r c·ounting. The solid content of the solutions, used for 
absolute counting was. thus. reduced, and the 41T source:s could 
be made virtually weightless,. 
(ii) Preparation of solid sources for calibration of the 
end-window counter. 
A measured quantity of the solution of high specific 
I 5 \ activity \Containing about 10 d.p.m., was added. to a solution 
containing 50 mg~ :i.nactive carrier. When c·omplete isotopi.c 
exchange was secured the activity and carrier were. pre.cipi ta ted 
in a similar manner to that used in the fission-product in-
ve:stigation. Source:s of' differing weights of prec·ipi tate were. 
prepared and weighed and. c·ounted. in the usual manner. 
Absolute Counting 
Absolute counting was carried out using 411" gas~flow 
proportional counters of the type describe&. by Hawkins et al, 
and illustrated in F"ig. 11. Such a counter is essentially 
two gas~flow proportional counters hinged together so that 
(Ji J 
I 
\ 
"Y\1 S 4tt Source support 
Fig. 11 
The 4n counter. 
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a source can be placed between them. The gas,..flow sys.tam 
and electronic:s associated. with the 4"1T counter were identical 
to those associate~ with the end-~tlndow counter, as described 
on page 26 et seq1.c.. A slightly higher gas,..flow rate was 
required ( 50 cc ./min.) and the optimum counting v.ol tage for 
a s.tandard RaE sou1"ce wa.s 1. 75 kV. 
The source supports consis.ted. of thin VYNS plastic films 
(c:a 20 )'g./cm. 2 ) supported on aluminium rings (internal 
diameter 2.6 cm.) which fitted into the 4'TT" counter. The 
films were rendered c:onducting by evaporation of about 
5 y.g./cm. 2 of gold onto their lower surface. A few drops of 
a dilute solution of insulin were evaporated on the upper 
surface of the film t,o fae,ilitate the ev:en spreading of active, 
solutions dried ther•eon. 1'urther details of the preparation 
and properties, of these: 4'1T sources. have been given by Pate 
and Yaffe,33 , and by Davies29 • 
Owing to the limitations of half-liMes and comple:xi ties. 
of dee.ay schemes; it was. not poss.ible to c.alibrate the end-
window counter for all the nuclides mea~ured. in the fission-
product investigations. For thos:e: nuclides ·where calibration 
was. impracticable the efficiency of the end-winClow c:ounter 
was estimated from measured data for other nuclides, taking. 
into account the fa -spectra..1 and density of' sourc:es. The 
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details of the calibrations and es.timation of efficiencies 
are included in the following chapter·, where all the work on 
the nuclides inves.tigated is pres.ented. 
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CHAPTER III 
THE MEASUREMENT OF RELA'rIVE YIELDS OF THE PRODUCTS OF FISSION 
OF THORIUM INDUCED BY 14 MeV NEUTRONS 
(a.) Introduction 
In fission of the heavy elements a wide range of 
radioactive nuclides. are produc:ed. The number of these 
which are suitable for radiometric assay is limited by their 
half-lives. and absolute fission yield.s. In the times of 
irradiation used for the present work the build-up of long-
li ve·d fission product activities was negligible. The mea~re-
ment of short-lived activities was limited by the time required 
for chemical aepar@;.tions. 
The principal aim of the current inves.tiga tion is to 
delineate the mass.-yield curve for the fiss.ion of thorium 
induced by 14 MeV neutrons. Such curves are drawn through 
points representing the total chain yields for• given mass 
numbers. The contribution to the total chain yield of the 
_yield of a given nuclide is determined by the charge distri-
bution at the ins.tant of fission. This factor will be dis-
cussed and applied to the measured experimental yields; in 
Chapter IV. Since the total chain yield is. totally repre,sen-
ted by nuclides. near the end of the chain these isobars. have 
been measured wherever possible. 
The 14 MeV fiss:ion c:ross-section for thorium is; e:om-
para ti vely low ( O •. 35 barns.34) , limiting the amount of activity 
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which is, induced. in a given irradiation. A major portion 
of the work of identifying fi ss.ion-product a.cti vi ties. and. 
elucidating fission-product decay chains. has. been performed 
in investigations of the thermal neutron fission of 235u, 
f'or which the c1•oss-s.ection is greater· than 500 bar·ns.. A .. 
recent compilation of decay chains by Katcofr11 wa.s. used as, 
a source of information for the current work. Unfortunately 
measurements of branching ratios of the more complex decay 
chains are. not complete and so measurements of nuc.:lides. in 
c:ertain of these branched chains were not possible. This 
imposed a severe restrictio:n on the number of nuclides 
suitable for inve s.tiga ti on in the trough of the ma-s.s.-y.:ield 
curve where. such complex. branched chains predominate. 
Detailed information of the decay sys.tcmatic:s of apec:ific 
nucliQ.es was obtained from "Nuclear Data. Cards 11 • 35 
A lis.t of nuclides. for which the yields were measured 
in the current work is given in Table 2. The remainder of 
this chapter is devoted to the measurement of the yields of 
these nuclides. A description of the mathematical treatment 
of the experimentally measured. quantities. is. first given. 
The work carried out on the referenc:e element is next 
described, followed by a description of the work performed 
on the other fission-product nuclides in order of' inc:reas-
ing mass. number. 
TABLE 2 
Nuclides measured in the investigation of fission of 
23~h with 14 Mell neutrons .• 
Mass· Number Nuclide measured. 
83 2.4 hour Br. 
84 6.0 minute Br. 
. 
31.8 minute Br. 
91 9.7 hour Sr. 
93 10.3 hour y 
97 17 .. 0 hour Zr. 
99 66 hour Mo. 
105 4.45 hour Ru. 
111 7 •. 6 day Ag. 
112 21 hour Pd I 3 •. 2 hour Ag. 
113 5.3 hour Ag. 
129 4.6 hour Sb. 
132 77 hour Te I 2 •. 3 hour I .• 
139 82.5 minute Ba. 
143 33, hour Ce. 
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For eaeh element inves.tigated the mass.-ehains. involved 
are discussed and the chemis.try of its. separation briefly 
described. (The complete radiochemical procedures are pre.-
sented in the appendix). The resultsi of measurements. for 
each nuclide are presented after having, discussed the calibra-
tion of the end~window counter for that nuclide. The collec-
ted results and subsequent discussion are given in Chapter ~V. 
(b) General Method of Treatment of Results 
The 14 MeV neutron generator does not produce a s.teady 
neutron flux and the effec:t of this on the ra.te o:r. produc-
tion of each fisston-product nuclide investigated must be 
allowed for, in addition to correc:ting for radioactive dee:ay 
over the duration of the irradia.tion. 
Consider an irradiation of duration T after which a 
nuclide 1 i.s isolated after a time t', as illus.trated. in 
the ace:ompanying diagram. 
(: i) Suppose that the pre-
... 
... 
... 
... 
.. 
.At. ... 
-
--
cursors. of 1 in the decay R(t) 
ehain 1--+2 (a.table) 
.• ~;' ' 
... 
are short-lived comp.red tirnL 
" 
t"---+ -· 
with T and t'. Through-
out the irradiation the; nuclide l is produced at an irregular 
rate R{t). During the short time interval dt the numbe.r of 
nuclei of 1 which are produced is dN = R(t)dt, and these 
deeay exponentially. At. the time of is:olation ( t') tlle 
number remaining of these produced in the time d.t is:-
.., )\l & ' + ( T - t )] . -~ 
dN1 (t') = R(t)e . dt. 
- ~l t ' . . _ ).l ( T - t) 
- e Rlt)e dt. 
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'l'he total number of nuclei 1 remaining at the time of :ii.s·ola-
tion will be:-
t=T 
- \ t ' J -~l ( T - t) N1 (t') = e R(t)e 
t=o 
dt. 
The rate of pi:·oduc:tion of nuclide 1, R(t) is given by 
where B is a constant depending on the ~uantity of fissionable 
material irradiated. 
Y1 is. the fission yield of nuclide 1 
f (t) is the neutron flux over the sample. 
The counting rate of the neutron monitor, I.( t), which was 
ree:orded, is directly proportional to the neutron flux, 
and hence proportional to R( t) •. 
where '7 - ef'fic:iency of the ne.utron monitor. 
'fhus N 1 ( t ' ) = 
t=T 
-~ t'J e 1 
t=o 
->. ('1' - t) 
I(t)e l 
The integral can be replaced by the summation:-
~ -~ (T - t) 
s1 =~(Ie 1 't) 
dt. 
prov:ided that the 5t intervals taken are very much shorter 
than the half-lives of the species concerned. 
Thus. N 1 ( t ' ) = 
3'7. 
Similarly, if a reference nuclide r is isolated at a time t 11 : 
Br "!:yr. 
_). t" 
N (t") e r Sr. = r 
'} 
Nl(:t:~) 
--\ t' 
Thus 
Yl e, sl 
N (t 11 ) = -X t" • r Yre r Sr 
By extrapo.lation of their decay curves. the activities of the 
isolated species at the end of the irr•adiation, A0 , can be 
determined;-
so ~ = 
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where ~l' rr are the half-lives of the species concerned. 
The above equation was used in calculating the relative 
yields of the fission products of thorium measured in the 
current work. The values of s1 and Sr were calculated from 
the recordings of the neutron monitor during the irradiations. 
Values for A 0 were o.btained by extrapolating the decay curves 
of the fission-product sources prepared for counting to the 
time of the end of irradiation and applying corrections for 
chemical yield and counter efficiency. 
(ii) \''.'here the half-life of the irnmedia te pree.ursor of the 
isolated ~ission product is not negligible compared with that 
of' its. daughter, account must be tal..:en of this in c:alculating 
the relative yields. 
Consider the decay chain:-
( ) )t.l .... 2 ~ 3 ( ) short -->il---r- --r stable 
in which ~l and ~2 are comparable, and the species 2 is 
isolated at a time t.' after the irradiation. Using ·~he 
same nomenclature as. above.:-
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-~2t t-J-T -~2(T-t) ] 
e R{t)e dt 
t=o · 
If t' is long compared with the half-life of the species 1 
~l 
>-1->.2 
Since A~= A2N~ the value of the activity of species 2 in 
equation 1 must be multiplied. by the fac;tor ~l - ~2 to 
~2 
allow f'or the effect of the comparative half-lives. of spec:ies 
1 and 2. This cor·rection was necessary in the cas.e of fission-
product barium (see page 74). 
(c) Measurement of Relative Yields 
(1) Zirc·onium - Reference. Element 
Introduction 
The choice of reference element has been discussed 
4.0. 
in Chapter II. Of the isotopes of zirconium produced in 
97 fission, only 17 .o hour Zr was. suitable for counting. The 
decay ch~in for this mass number is:-
sec. 
17 hr. 
min. 
97~1b l ,.,,stable 
97 ~~/ 
97Mo. 
Other raa.ioactive isotopes of z.irconium produced are 
6 93 95 99 1.1 x 10 year Zr, 65 day Zr, and 30 sec. zr~ none~of 
which were detected in the sour·ces prepared for the current 
work. In the chain of mass number 97, no preeursors of the 
zirconium have been reported, their half-lives being pre-
sumably too short. 
Arter each ir1,adia ti on, the thorium nitrate or basic 
e:arbonate was, dissolved in an acid solution containing 10 mg. 
of ·Zirconium carrier and carriers for the other elements to 
be isolated. .Ai'ter digestion to facilitate complete isotopic 
exchange between fiss,ion-product species. and add.ed carriers,, 
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zirconium was separated at a convenient stage in the 
separation of other elements by precipitation with mandelic 
acid. It was, then purified and prepared for counting by 
several precipitations of barium zirconyl fluoride, with a 
final precipitate of z.irconium tetramandelate, after the 
~6 
method of Hahn and .Skonieczny~ • The radiochemical procedure, 
which is given in detail in the appendix, (page 85), c·ould be 
carried out in less than one hour. Blank separations from 
samples of unirradiated thorium were shovm to produce sources 
uncontaminated by the activities of tho1"ium and its daughters. 
The fission product sources prepared decayed with a half-life 
of 17.0 hours, and their decay was followed for several days 
,_intil only the background activity was. observed. 
97 Calibration of end-window counter for 17 hour Zr. 
A solution of zirconium - 97 of high spec.ific: activity 
was prepared by isolating zirconium from a sample of pile-
irradiated uranium by the foregoing chemical proc.edu1"e 
reduced for worlcing with 1 mg. of added carrier and omitting 
the final precipitation. After a hundred-fold dilution, 
drops of the solution were weighed onto 4"Tr films for absolute 
counting. To prevent losses from the sources by recoil in 
the decay of the metastable daughter, 97~, the sources 
were covered by a layer of VYNS film similar to the source 
support. 
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A weighed quantity of the active solution was added to 
a solution containing 50 mg. of z.irconium carrier, and. 
z:irconium tetramandelate precipitated as in the preparation 
of fiss.ion-product sources. A convenient method of producing 
a range of sources of different weights. for the end~window 
counter was to slurry the pre.cipi tate and to take diff'.erent 
volumes of the slurry to prepare the solid sources. 
The contribution of 97 Zr to the total counting rates. of 
the 4"1!' sources was. calculated. as. follows.:-
(i) The ef~iciency of the 4~ counter for the 
short-lived. 97mNb was. es.timated to be 2.3%. 
Thus for each 97Zr disintegration 1.023 
( i:li.) 
counts were recorded. 
9~ O~m gry Considering 'Zr - ... · ... Nb and ··Nb in t.ransient 
equilibrium;· if 97 Zr - 97mNb = 1, 9711fb = 2 
~2 - ~l 
~2 
0.5776 - 0.0408 0 929 0.5776 =: • 
.Assuming equal detection of 97Zr and 97Nb in 
the 4n counter, 
1 A= Ai+ A2 = Ai(l.023 + 0. 929 ) = 2.lOAi 
A ~ =: 2.10 
Thus the ~·~·zr activity used in the preparation of' the solid 
sources for the end window counter could be calculated, and 
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the efficiency of the counter for the different weights. of 
sources found. The results of the calibration are shown in 
Fig. 12. The high efficiency of the counter for this nuclid~ 
is due to the contribution to the total counting ra.te of' its 
grz· daugl1ter :;. '/Nb which was. always in transient equilibrium when 
the solid sources. were counted. 
Inves.tigation of the re.liab.ili ty of the determination of the 
reference element. 
To check the variability in the meas:ur·ement of the ref'erence 
nuclide, its yield in seYe.ral irradiations. was. compared. with 
the yield of 56Mn induced. in pure iron granules which were 
irradiated in the form of an intimate mixture with &ried 
thorium nitrate. 
Experimental Procedure 
.An intimate mixture of 2.0 gm. of dried thorium nitrate 
and approximately 0.5 gm. o:f pure iron granules was prepare:d 
and sealed in a polythene packet for irrad.iation. 'rhe samples. 
were attached to the neutron generator and irradiated. for 
periods. of one or two hours, the neutron flux being monitoned 
at ten minute intervals throughout the irradiation. 
At the end of the irradiation a primary separation of the 
iron and thorium ni tr·ate was achieved by removing the iron with 
an electromagnet. The thorium was: dissolved. in 5 ml. of c:onc. 
HCl containing 10 mg. of zireonium carrier in preparation for 
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Ef'f'iciency of the end-window counter for· counting 17 .o houI1 97 Zr 
in s.ources of different weights of' zirconium tetramandelate. 
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the s.eparation of fiss.ion-product zirconium. The iron granules 
were washed vii th 5 ml. of water and tl1e washings. added to the 
thorium solution. Zirc·onium was separated from the solution in 
the usual way, and counted, to obtain A0 Z , the activity c:orr, r 
of zirconium at the end of the irradiation. 
The iron granules. were washed with a 5% solution of 
E.D.T .A. follo\•1ed by water, then acetone: and finally dried 
and w.eighed. They were then q_uanti tatively dissolved. in a 
nitric-sulphuric acid solution containing manganese carrier 
and the solution transferred to an annular G.-M. counter. 
56 The decay of Mn was followed for several half-live,s. and a 
value obtained for the activity induced in the iron at the 
end of the irradiation. 
'I'he yield of zirconimn from 2.0 gm. of thorium nitrate 
was compared. with the yield of manganese from 1.0 gn:i. of iron 
by the relative yield eq_uation:-
Results 
The results of the comparative yield measurements are 
given in Table 3. The standard deviation is less than 2% . 
'l'ABLE 3 
Comparison of yields of fie.a.ton-product 97 Zr 
and 56Mn f'rom .E'e (n,p-) 
Run Wt·.Fe Ao obs.Mn c.p.m. 
Ao 
corr.Zr 
·
8Fe gm. c.p.m. gm.Fe c.p.m. 
15 0.5069 LI, 8.95xl0-~ l.77xl05 8.76x103 0.989 
19 0.5113 7.47xl04 l.46x10 5 9.39x103 3 •. 796 
20 0.4350 ·4 8 •. 38xl0 l.92x105 l.12x104 3.339 
8
zr 
1.072 
4.997 
4.125 
Relative yield of 97 Zr f'rom ·2·.o gm. of thorium ni tratte to 
56 Mn from 1.0 gm. of iron =: o •. 316 ± 0.005. 
Resu1 ts of' thorium fission-product measurements. 
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Yzr 
yli'A 
0.318 
0.321 
o •. 310 
The results of the measur·ements. of 97zr for· the relative 
yield determinations of other thorium fiss.ion products. are 
given in Table 4. The efficiency of the end-window counter 
for the sources counted was obtained from Fig. 12 •. Ao '· 
corr. 
was obtained by applying corrections for chemical yield and 
counter efficie~cy to A0 obs.. Values. of Szr were cale:ulated 
from the recordings. of the neutron monitor throughout the 
irradiations. A0 and C! used in ealculating corr.Zr uzr were 
the relative yields of other nuclides isolated from the 
irradiated material. 
TABLE 4 
Results for reference element - 17 hour 97zr. 
Run Duration Source Yield ,., Ao Ao 8zr No. minutes. wt., mg. % obs. corr. 
x 105 
1 180 24.2 44.0 0.614 3.4.4x103 l.27xlo4 3.267 
2 180 24.9 45.5 0.611 l.23x103 4.42Y..103 1.141 
3 180 42.2 76.8 0.577 l.30x103 2.92xl03 0.973 
4 120 21.4 38.9 0.619 4.06.xl02 l.68x103 3.595 
.· 5 180 32.0 58.3 0.598 5.80x103 l.66x104 8.353 
6 140 38.0 69.2 0.586 3.23xl0 3 7.90x103 2.232 
7 120 36.6 66.6 0.589 6.33xl03 l.64x104 0.979 
8 120 24.5 44.5 0.612 2.23xl03 8.20xl03 2.634 
9 I 120 21.1 38.3 0.619 l.16xl03 4.87x103 2.778' 10 120 24.5 44.6 0.612 2-s-- 3 9.86xl03 4.511 .D X.LU 
11 120 33.7 61.4 0.595 4·.07xl0 2 l.12xl03 3.393 
12 120 37.5 68.2 0.587 3.53.xl03 8.74xl03 3.393 
13 180 23.8 43.4 0.614 6.14x10 3 2.3lxl0 4 9.510 
14 180 35.1 64.0 0.582 3.95x102 l.O~xl03 1.146 
15 60 29.9 54.5 0.602 2.89xl0 3 8.76x103 1.072 
16 120 38.5 70.0 0.585 4.12xl0 3 l.08xl0 4 6.388 
17 120 30.7 55.9 0.600 8.76xl02 2.60xl0 3 6.052 
18 120 34.3 62.4 0.594 5.llxl03 l.39xl04 6.052 
. 
19 120 30.2 60.0 0.601 3.38xl03 9.39xl0 3 4.997 
20 120 25.0 49.7 0.611 3.4lxl0 3 l.12xl0 4 4.125 
21 100 27.2 54.0 0.607 l.5ox103 4.62xl03 2.176 
Ao Ao 0 . Run Duration Source Yield 
'1 uzr No. minutes. WT,., mg. o1 obs. corr. x 105 10 
22· 100 16.5 32.9 0.628 3.61x102 l.74xl03 5.831 
23 120 27.8 55.3 0.605 2.22xio3 6.59x10 3 7.248 
24 120 32.3 64.3 0.597 l.65x103 4.27xl0 3 2.762 
25 60 35.7 71.0 0.590 3.97xl0 3 9.45x103 8.292 
26 120 41.2 81.9 0.579 4.28xl0 3 9.01x103 6.737 
27 ·. ~o 42.8 85.0 0.575 3.66xl0~ 7.40xl0 3 5.456 
28 100 24.1 48.2 0.614 2.18xl0 2 7.4lx103 3.162 
29 90 36.9 73.6 0.588 l.03xl03 2.37x103 4.435 
30 100 28.9 57.6 0.603 l.34xl03 3.87x103 3.735 
31 120 31.6 62.8 0.598 9.7x103 2.57x102 1.376 
32 70 30.1 59.9 0.602 9.43x102 2.62xl0 3 2.953 
33 100 7.0 14.0 0.647 4·.8lxl0 2 5.28x103 4 ... '.l,93 
34 50 33 .4.· 66.4 0.595 2.40x103 6.0lx103 2.386 
35 120 27.1 53.9 0.607 6.24xl03 l.9lx104 5 .4.·56 
36 120 33.8 67.2 0.594 5.03x103 l.25x104 5.985 
37 60 30.6 60.8 0.600 l.66xl0 3 4.55.xl03 6.010 
38 30 37.7 '75.2 0.586 l.46x10 3 3.28xl0 3 1.955 
39 10 31.9 63.4 0.598 7.78xl03 2.04xl0 4 9.560 
40 10 29.0 57.6 0.603 4.22xl02 l.22x103 8.910 
41 10 11.5 22.9 0.639 4.0ox102 2.72x103 1.560 
42 30 22.3 44.3 0.617 l.06x102 3.85xl02 1.834 
43 :6J 1.:1.:6 34.9 0.626 3.76xl02 l.74xl0 3 5.371 
44.· 60 40.7 81.0 0.580 l.06x103 2.25x103 3.981 
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(2) Bromine 
Three isotopes of bromine were detected in the current 
investigation. The decay chains containing these nuclides 
are:-
69s. 83m ..... I 1:>e 
l<o.10 ~ 2.4h. 
25m. 83Se / 
3.3m. 
83Br/ 
114m. 83m. Kr. 
l 
Stable 83Kr. 
84 Kr. 
Owing to timing requirements. it was not possible to 
determine the rela.tive yields. oi' all the bromine isotopes. in 
the above decay chains from the same irradiation. The yields. 
83 84 
of 2.4 hour Br and 31.8 minute Br were determined. after 
irradiations of an hour or more. The yield of 6.0 minute 84Br 
was determined after irradiations of a few minutes. using new 
tritium targets to ensure the optimum neutron flux. 
The same chemical procedure was used for• all the bromine 
isotopes investigated (see Appeni.lix, page. 87). Exchange o"f: 
fission product bromine and added carrier was achieved by 
addition of carriers for bromate and bromide to the solution 
of irradiated material. The bromine was then converted into 
its, elementary form and extracted into carbon tetrachloride. 
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Its subsequent purification was based on the method of 
Glendenin et al. 37 A trace of iodine was added to the carbon 
tetrachloride solution of bromine, to act as hold-back carrier 
for fission-product iodine when bromine was next extracted into 
hydroxylamine solution. The bromine was extracted into carbon 
tetrachloride once more, and back-extracted into a dilute 
solution of sodium bisulphite. Ai'ter expelling excess sulphur 
dioxide, silver bromide was precipitated for the preparation of 
sources for the. end-window counter. No iodine activity was 
detected in any of the fission-product bromine sources pre-
pared. 
The chemical procedure could be carried out, with care, in 
twenty minutes. When investigating the short-lived isotope, 
a rapid separation could be performed in five or six minutes. 
Calibration of the end,...window counter for 2.4. hour 83Br 
A solution containing 1 mg. of bromine was added to a 
solution of pile-irradiated uranium, and fission-product bro-
mine separated by the solvent extraction procedure mentioned 
above, omitting the final precipitation of silver bromide. 
The activity of 83Br in the solution obtained was determined 
by 41T' counting of aliquot parts. A weighed quantity of the 
active solution was added to inactive bromine carrier, and 
silver bromide precipitated for the preparation of sources for 
the end-window counter. The efficiency of the counter for 
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counting 83Br in sources of different weights of silver bromide 
was calculated from the observed activities, and the resultant 
~alibration curve is given in Fig. 13. 
It was not possible to calibrate the end-window counter 
for 6.0 minute 84Br and 31.8 minute 84Br owing to the short 
half-lives of these species. The efficiency of' the counter 
for detecting these nuclides in sources of silver bromide was 
estimated from a knowledge of their decay energies and the 
data obtained for similar sou1•ces of 83Br. 
Results of Relative Yield Measurements 
The results of the relative yield measurements of 83Br 
and the two 84Br species to 97zr are given in Table 5. The 
values for A~r and Szr are talcen from Table 4. The relative 
yields uere calculated by application of the relative yield 
equation (page 38) to the measured activities and calculated 
values. of S. :E'urther discussion of results is. given in 
Chapter 4, where corrections are applied for the distribution 
of charge at the instant of fission and a normalized yi.eld 
curve produced. 
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Fig. 13 
Efficiency of the end-window counter for counting 2.4 hour 
.
83Br in sources of different weights of silver bromide. 
Run Source 
No. wt., mg. 
7 ·3. 76 
32 10.32 
33 14.46 
34 12.68 
37 8.45 
Chemical 
Yield ~ 
14.8 
40.6 
57.0 
50.0 
33.4 
.. -·.·-4·----... · 
TABLE 5(a) 
~ Results for 2.4 hour Br 
11 
Ao Ao 8Br 
obs. corr. 
x 105 
0.369 2.30x:o3 4.2lxl04 0.721 
0.346 6. 38x:::..o2 4.53xl0 3 2.243 
0.339 2.08xl03 4 l.07xl0. 4.'+93 
0.342 3.17x:o3 l.84xl0 4 2.138 
·O. 349· l.07xl03 9.16x103 5.341 
Ao 
Zr 
. 4 
l.64xl0 
2.62xl03 
5.28x103 
6.01x103 
'+.55xl03 
Relative Yield of 2.4 hour 83Br = 0.395 ± 087 
8
zr Relative 
x 105 Yield 
•' 
0.979 0.490 
2.953 0.321 
5.667 0.362 
2.386 0.484 
6.010 0.320 
Q 
~ABLE 5(b) 
Results for 31.8 minute 84Br 
Run Source Chemical 
'7 Ao Ao 
8Br Ao 8zr Relative 
No. wt., mg. Yield obs. corr. x 105 
Zr 
x 105 Yield % 
32 10.32 40.6 0.347 2.5 x10 3 4 1.176 
. 2.62xlo3 l.77xl0 2.953 0.502 
34- 12.68 50.0 0. 34-2 1.08xl0 4- 6.29xl0 4- 1.423 
. 3 
6.0lxlO 2.386 0.518 
38 12.06 4-7. 5 0. 34-3 6.04xl0 2 3.70xl0 4- 1.439 3.28x103 1.955 0.455 
Relative yield of 31.8 minute 84Br = 0.4-92 + 0.031 
Results for 6.0 minute. 84Br 
Run Source Chemical ~ Ao Ao 3Br Ao 3zr Relative No. wt., mg. Yield obs. corr. x 105 Zr x 105 Yield qb 
39 9.oq. 35.7 0. 34-9 3.90xl0 3 3.13xl04 5.678 2.04-xl04 9.560 0.015 
4-0 6.93 27.3 0.352 l.36x103 1.4-lxlO 4- 5.055 l.22x10 
4- . 
8.910 0.012 
7.5 xl0 2 
'7. 
2.72x103 4-1 10.76 4-2.3 0. 34-7 5.1 xlOJ 0. 9L~O 1.560 0.018 
Relative yield of 6.0 minute 84Br = 0.015 ± 0.003 
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(3) Strontium 
Of' the radioactive isotopes of strontium produced in 
fission, only 9.7 hour 91sr was suitable for measurement in 
the current investigation. The decay chain containing this 
nuclide is:-
The longer-lived species, 50.5 day 89sr and 28.0 year 90sr 
were not produced in su.ff icient amount to be detected. The 
yield of mass number 93 in which 7.9 minute 93sr precedes 
93 10.3 hour Y was determined by radiochemical measurement of 
the yttrium (see yttrium, page51). 
It was usually convenient to separate strontium and barium 
together by precipitation of their nitrates from a solution of 
irradiated thorium in nitric ac·id. The steps used in the radio-
chemical separations of strontium and barium were based on 
those recommended by Sunderman38 in his evaluation of the 
radiochemical separation procedures for these elements. The 
precipitated nitrates were dissolved and scavenging precipita-
tions of' ferric hydroxide made from an alkaline solution. 
Barium was removed by precipitation of' barium chromate from 
a buffered solution, and strontium oxalate precipitated from 
50. 
an alkaline solution. (For details see Appendix, page 89). 
Trial separations of strontium from samples of thonium which 
had not been irradiated, showed the strontium sources produced 
to be free of contamination from thorium daughter activities. 
The sources prepared of fission-product strontium initially 
contained some 2.7 hour 92sr - 3.6 hour 92Y, but after standing 
overnight decayed with the 9.7 hour half-life of 91sr. 
Calibration of end-window counter for 9.7 hour 91sr. 
A solution of strontium of high specific activity was. 
pr·epared from pile-irradiated uranium by the chemical procedure 
outlined above, reduced for worlcing with 1 mg. of' added stron-
tium carrier. The absolute activity of the solution was deter-
mined by 4tt counting, and a weighed q_uanti ty of the solution 
added to 50mg. strontium carrier for preparation of a set of 
sources of strontium oxalate for the end-window counter in 
the usual way. Owing to the length of the pile irradiation 
(1 week) long-lived strontium fission products were present in 
the sources prepared. These long-lived contributions to the 
activity were subtracted from the initial portions of the 
decay curves to o1)tain the activity due to 9. 7 hour 91sr. In 
calculating the absolute 91sr activity from the 4TT sources 
account was taken of 51 minute 91m·y which is produced in 60% 
of the strontium disintegrations, and decays by internal 
transition with 5~& conversion to 0.55MeV electrons. The 
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efficiency of the end-window counter for sources of diff'erent 
weights of strontium oxalate is shown in the graph in Fig. 14. 
Results of Relative Yield Measurements 
The results of the measurements of the yield of 9.7 hour 
91
sr z•elative to 17 .o hour zirconium are given in Table 6. 
(4) Yttrium 
Of the six radioactive isotopes of' yttrium observed in 
fission products, only 10.3 hour 93y was suitable for measure-
ments in the current investigation. The decay chain containing 
this nuclide is:-
93 93 93, 2. Os. Kr~ 5 • 6 s. Rb --+ 7. 9m. Sr --+ 
93 6 r ~ 10. 3h. Y -i·l .lxlO y. Zr 
12 93m.Nb y. - • 
!93 Stable Nb. 
It was usually convenient to separate yttrium and cerium 
together from a solution of irradiated thorium. Their chemical 
separation was not commenced until sufficient time had elapsed. 
for the parents of the nuclides to be separated to be almos.t 
completely decayed. In the separation of yttrium and ceriwn, 
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Fig. 14 
Efficiency of the end-window counter for counting 9.7 ~our 
91
sr in sources of different weights. of strontium oxalate. 
TABLE 6 
Relative Yield Measurements of 9.7 hour 91sr 
Run Source Chemical ~ Ao Ao 8sr ~o 8zr Relative No. wt., mg. Yield x 105 A Zr x 105 Yield. afo . obs. corr. 
4 16.4 69.3 0.361 l.30x10 3 5.19xl03 3.451 l.68:x:l0 3 3.595 1.83 
9 15.5 65.5 0.368 3.3lxl03 l.37xl03 2.678 4.87xl03 2.778 1.66 
7 
5.32x103 1. 7Ll-xl03 22 13.6 57.4 0.382 l.17xl0;.; 5.673 5.831 1.79 
28 16.4 69.3 0.361 5.88xlo3 2.34xl0 4 3.085 7.4lxl03 3.162 1.85 
31 13.3 56.0 0.385 2.lOxlO 2 9.75xl0 2 1.330 3.04xl0 2 1.376 1.84 
37 10.9 46.0 0.403 2.38x103 l.28xl0 4 5.915 4. 55xl03 6.010 1.64 
Relative yield of 9.7 hour 91sr = 1.77 ~ 0.09 
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the time interval was determined by the 18 minute 143La parent 
of 143ce, and the solution was left at least 90 minutes before 
commencing the chemical separation of the elements. 
After digestion and a redox procedure to ensure complete. 
exchange between fission products and added darriers, cerium 
was reduced to its trivalent form and the bulk of the thorium 
reu oved from the solution by precipitation of thorium iodate. 
Cerium and yttrium hydroxides were precipitated on malcing the 
solution alkaline. The precipitates. were dissolved in nitric 
acid and cerium (IV) extracted into hexane. Yttrium hydroxide 
was reprecipitated on making the solution alkaline. The yttrium 
was then purified and prepared for counting by a method due to 
Kleinberg25 in which yttrium was extracted into T.B.P. Further 
details of the work on cerium are given in the section devoted. 
to that element (page 74·). 
Trial separations from solutions of thorium which had not 
been irradiated showed the above procedur·e to give source.s of 
yttrium oxalate free of contamination from thorium and its 
daughter ac·Givi ties. Sources of fission-product yttrium decayed 
with a half-life of 10.3 hours, and their decay was followed 
until only the baclcground activity was observed. 
The stoichiometry of the yttrium oJKa.late sources. prepared 
f t . h b t" d 39 ~ t f f tt . or coun 1ng_ as een ques. 1one • 11.. s.e o sources o y rium 
oxalate was prepared, each precipitate being made under slightly 
different experimental conditions. Analysis of these sources·. 
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f'or yttrium indicated the composition of the sources to be 
suf'ficiently reproducible for the current investigation. The 
results~ of this investigation are included in this section. 
Reproducib~lit;v of Yttrium Oxalate Sources 
A set of twelve.precipitates of yttrium oxalate was pre-
pared, each precipitate being made under slightly different 
conditions. The precipitates were transferred to sintered 
glass crucibles, washed, dried, and weighed. The precipitates 
were then dissolved in acid and their yttrium content determined 
40 by titration with E.D.T.A. as described by Schwarzenbach. 
The results obtained, which are given in Table 7, indicated 
that although the efficiency of the prec.ipi tation of yttrium 
may vary, the composition of the sources was. sufficiently re-
producible for the present worlc. 
Calibration of the end-window counter for 10.3 hour 93y 
Yttrium was separated from a solution of pile-irradiated. 
25 
uranium by the method of Kleinberg, reduced for working with 
1 mg. of added carrier. In the final s.tep the precipitate of 
yttrium hydroxide was dissolved in 5 ml. of 5N HCl and quantities 
of this solution were used for preparation of 4-rr sources and 
added to an yttrium carrier solution for preparation of s.ources. 
for the end-window counter. The measured counting rates. of 
the sources contained a contribution from long-lived yttrium, 
since the uranium was irradiated for several days. When this 
TABLE 7 
Sources of yttrium oxalate prepared from 
egual guantities of a solution of yttrium, 
under different experimental conditions 
Sourc:e 
No. Experimental Conditions Source wt. wt. of Y. mg. mg. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
StandaI•d 
:_': 
~ Standard 
Dried overnight in oven 
at 120°c. 
25ml. each of solutions 
lOOml. each of solutions 
Stood at room temp. 
2 hours 
lOOml. oxalate solution 
added 
lOml. dil. HCl added 
Washed with 250ml. each 
solvent 
Cooled with running 
water 
5 mins. at l00°c, 
5 mins. in ice. 
30 mins. at l00°c. 
83.1 
84.7 
85.0 
87.9 
79.5 
83.3 
38.9 
82.6 
61.6 
80 .. 7 
78.1 
72.1 
24.46 
24.42 
24.71 
25.49 
23.47 
24.71 
11.41 
24.36 
17.99 
23.97 
23.22 
21.16 
29.4 
28 •. 8 
29.1 
29.0 
29.5 
29.7 
29.4 
29.5 
29.2 
29.7 
29.7 
29.3 
Average composition 
* 
- 29.4%Y, which corresponds to the formula 
Y2 (c2o4 ) 3 • 8 H2o. 
Standard Conditions: 50 ml. of saturated ammonium oxalate 
were added to 50ml. of the yttrium solution, and the mixture 
heated in a steam bath for ten minutes, then cooled in an ice 
bath for ten minute.s. The precipitate. was then transf'er~ed to 
a sintered glass crucible, and washed with two 50ml. portions 
of' water, two· 50ml. portions of alcohol, and two 50 ml. portions 
of' ether, and transf'erred to a desiceator in preparation f'or 
we i i:rhirnz. 
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long-lived contribution was subtracted from the plotted decay 
curves the counting rates of the 10.3 hour 93y were obtained 
and the end-window counter calibrated for this nuclide. The 
results of the calibration ·are shown in Fig. 15. 
Results of Relative Yield Measurements·. 
The results of the measurements of the yield of 10.3 hour 
93y relative to 17.0 hour 97zr are given in Table a. 
(5) Molybdenum. 
The fission yield for the decay chain of mass nuu1bei ... 99 
99 
was deter-mined by the radiochemical es~timation of 66 hour Mo. 
The decay chain for this mass number is:-
99m 
O .S'Z 6 .Oh. Tc 
99 99 99 ? l 99 30s. Zr __.3m. Mb __,.66h. ·Mo Stable · .. · .. Ru. 
O.l~ 5 99 / 2.lx.10 y. Tc 
Fission-product molybdenum was separated from solutions 
of irradiated thorium by a modification of the method of 
Ballou41 vn1ich consisted of several precipitations of molyb-
denum with ~ -benz0dJl oxime and a final precipitation of 
molybdenum oxinate for chemical yield determination and. 
counting. Complete details of the chemical procedure: are. 
~ . 
-
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Fig. 15 
Efficiency of the end-window counter for counting 10.3 hour 93y 
in sources of different weights of yttrium oxalate. 
TABLE 8 
Relative yield measurements of 10.3 hour 93y 
' 
Rtm Source Chemical 0 Ao Sy Ao 8zr Relative Yield ~ .A obs. No. wt., mg. corr. x 105 Zr x 105 Yield. % 
' 
10 7.29 21.3 0.330 l.88xlo3 2. '60xl04 4-.4-31 9.86xl0 3 4-. 511 1.65 
10.80 31.7 0.326 .2. 2~~x103 4- 4-. 834- 9 3 4-.997 1.4-2 19 2.14-xlO .39xl0 
20 9.32 27 .4- o· .• 328 2.4-4-xlo3 2.7lxl0 4- 4-.021 l.12xl04 4-.125 1.50 
4-.86 14-. 3 0.333 8.29xl03 4- 6.94-1 3 7. 24-8 1.67 23 l.73xl0 6.59xl0 
·1.05x103 '4-
7. 
30 10.37 31.5 0.326 l.02xl0 3. 64-3 3.87xl0.:;i 3.735 1.64 
,, 
. '• 
Relative yield of 10.3 hour 93Y = 1.58 ± 0.11 
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given in the Appendix (page 91). 'l'he reproduci"bili ty of 
the I'inal precipitation stage was investigated, and the 
results; of this worlt is included in this section. 
The radiochemical procedure could be carried out in two 
hours. :F'isston-product molybdenum sources decayed with the 
expected half-life of 66 hours after the initial growing-in 
of the 6.0 hour daughter technetium. The sources prepared 
were counted for two weeks after an irradiation, by which 
time the activity observed was comparable with the bacltground-_.-
Heproducibili ty of Molybdenum Oxina.te Sources 
A set of eight molybdenum oxinate sources of different 
weights was prepared by the method used in the fission-
product investiga.tion. It was possible that as the prec:ipi-
tates were formed, excess. oxine was carried down, and this; 
was investigated by analysing the precipitates for their 
oxine content. 
Each precipitate was digested with 5 ml. of 5N.NaOH, 
and 0.5 gm of KBr and 10 ml. of 5N.HC1 added. 10 ml. of 
O.lN KBro 3 was added, then excess solid KI. The iodine 
liberated was titrated with thiosulphate solution. In this 
method of determination of oxine, which has been described by 
Charlot and Bez.ier42 the bromine liberated by the KBrO ... bro-
..:> 
minates the oxine, and the excess bromine is determined by 
titration of' the iodine which it liberates. 
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The results of the investigation, which are presented in 
Table 9, indicate that the molybdenum oxinate sources pr~~pare.d 
were sufficiently reproducible for the current work. 
TABLE 9 
Reproducibility of molybdenum oxinate sources 
* 
Source No. Source wt. Bro3 used % oxine mg. ml. 
1 41.87 8.25 69.9 
2 40.91 7.74 70.2 
3 38.21 7.54 69.9 
4 29.12 5.70 70.5 
5 19.35 3.85 69.3 
6 14.51 2.82 70.7 
7 I 11.46 2.27 69.6 8 8.87 1.74 70.5 
The theoretical percentage of oxine in the 
sources of molybdenum oxinate, Mo02(c9H6QN) 2 is 69.2%. 
... 
.... 
Calibration of the end-window counter for 66 hour 99Mo 
A carrier-free solution of 66 hour 99Mo was obtained from 
the Radiochemical Centre, .Amersham. .Approximately 1 mg. of 
inactive molybdenum was added to the solution to fac:ili tate: 
chemical manipulations. The solution was- made alkaline and 
repeatedly scavenged with ferric hydroxide precipitations. The 
57. 
solution was made acid and mol~.'bdenum «-benzoin oxinhe pre-
cipitated. The precipitate was centrifuged dovm and the super-
nate discarded. The precipitate was dissolved in nitric-
perchloric acid and heated to near-dryness to destroy the 
oI•gan.ic reagent. The r·emaining solution was diluted to 5 ml. 
for preparation of 4'1t' sources and addition to 50 mg. of' inac-
tive molybdenum for preparation of solid sources. 
The growth of 6.0 hour 99mTc was observed in the 4W sources, 
and the contribution of 99~110 to the total counting rate at the 
time of precipitating molybdenum Clt-benzoin oxime determined. 
'rhe 99Mo added to the solution for the preparation of solid 
sources was determined. A s.et of solid sources was prepared 
in the usual way, and counted for several days with the 99In.rc 
in transient equilibrium vii th the 99rno, and the activities 
extrapolated to the time of separation. The efficiency of 
the end-window counter for counting the different sources. 
(observed count~~g rate) was determined, and the calibration 
d.p.m. of Mo 
curve is given in Fig. 16. 
Results of Relative Yield Measur·ements 
The results of the relative yield determinations of 99Mo, 
ealculated in the usual way, are given in Table 10. 
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Fig. 16 
Efficiency of' the end-window counter for counting 66 hour 99 r.10 
in sources of diffei-•ent weights of moly.bdenum oxinate. 
TABLE 10 
Relative Yield Measurements of 66 hour 99Mo 
Run Source Chemical ~ Ao Ao 8Mo Ao 8zr Relative No. wt., mg. Yield obs. corr. x 105 Zr Yield % x 105 
1 17.12 ·38.0 0.477 2.98xl0 2 l.64x103 3.322 l.27xl0 4- 3.267 0.500 
3 15.13 33.5 0.498 6.2 xlO 1 3.75xl0 2 1.038 2.92xl03 0.973 0.476 
16 25.58 60.3 0.425 2.93xl0 2 l.14x103 6.388 l.08xl0 4- 6.099 0.519 
27 40.5 0.477 2 2 5.636 3 5.456 0.478 17.17 l.BOxlO 9.30xl0 7.40xl0 
32 16.46 38.8 0.484 6.9 xlO 1 3.68xl0 2 3~048 2.62xl03 2.953 0.536 
33 17.93 42.3 0.470 l.4lxl0 
2 7.06xl0 2 5.878 3 5. 28xl0 . 5.667 0.508 
Relative yield of E9 hour 99Mo = 0.503 .:!: 0.024 
58. 
(6) Ruthenium 
The fission yield for mass number 105 was determined by 
the radiochemical :~·separation of' 4·.45 hour 105Ru. The decay 
chain containing this isotope is:-
3Bs.105~ 
( 2m. 105Mo ) ... 1om. 105Tc ... 4 .45h. 105Ru / l Stable 105Pd 
35.3h.105Rh/ 
43 The recently reported method for the determination of' 
fission-product ruthenium in which ruthenium tetroxide is 
distilled from a mixture of sulphuric: ac:id and sodium bismuth-
ate did not prove fessible for the current work owing to the 
insolubility of thorium sulphate and the introduction of 
relatively large quantities of bismuthate into a solution from 
which other elements. had. subsequently to be separated. Dis-
tillation of ruthenium from a solution of thorium in perchlorie: 
acid gave sources which were found to contain some°' -activity, 
attributed to carry-over 9f' thoron in the distillation. The 
ruthenium, therefore, was first separated from the bulk of 
the thorium by precipitation of' ruthenium sulphide bef'ore the 
distillation step. Rutheniwn dioxide was precipitated for 
counting, as described by Larsen, Ross and Kesser·. 43 Complete. 
details of the chemical procedure are given in the appendix 
(page 95). Sources of fission-product ruthenium contained. 
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4.45 hour 105Ru which decayed to 35.3 hour 105Rh. The con-
tributions from long-lived nuclides to the total counting 
rates were subtracted to obtain the decay curvea for the 
ruthenium. 
Calibration of the end-window counter for 4.45 hour 105Ru 
105Ru activity was separated from pile-irradiated_ uranium 
by the method of Larsen, Ross and Kes.ser43 reduced for working 
with l mg. added carrier. The final precipitate was dissolved 
in HCl to provide a solution of high specific activity for 
calibration purposes. The absolute disintegration rate of 
105Ru in the solution was determined by preparing 41" s:ources 
from aliquot parts; and counting the 35.3 -hour lOBRh in these 
sources vd1en the rutheniuJn had decayed. By calculating the 
105Ru activity from the measured 105Rh activity, any in-
accuracy introduced by estimations of the 411' counter efficiency 
105 105m...... . for Ru - ltll was avoided. 
A weighed quantity of active solution was. added to a 
solution of ruthenium carrier, and after a redox cycle and 
digestion to ensure isotopic exchange, ruthenium dioxide was. 
precipitated, and a set of sources of different weights. pre-
pared and counted in the end-window counter. By comparing 
the ruthenium activities measured by the end-window with the 
absolute 105Ru content calculated from 41Tmeasurements the 
efficiency of the end-window counter for counting this nuclide 
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was obtained. The calibration curve of' counter ef'f'iciency 
against source weight is given in Fig. 17. 
Results of' Relative Yield Measurements· 
105 The results of the relative yield measurements f'cI' Ru 
are given in Table 11 •. 
(7) Milking of' Silve1 .. from Palladium 
Direct measurement of fission-product palladium species. 
did not prove to be practicable owing to the complexity of 
their decay chains and the ~ -energies of the nuclides involved. 
Ho;i-1eve1"', by· m-ilking 3. 2 hour 112 Ag from 21 hpur 112i>d it was. 
possible to determine the yield for mass number 112= 1.rhe 
decay chain for this mass. number is:-
2lh. 11~d....,. 3. 2h. 112Ag--.stable 112cd. 
Palladium was separated from solutions. of irradiated 
thorium nitrate by precipitation with dimethylglyoxime and 
purified by scavenging precipitations of f'erric hydroxide and 
silver halides, as described by Glendenin~4 The time of' the 
Il:as.t removal of silver was noted. Pal ladiwn dimethylg-¥yoxime 
was prec:i,pitated for the determination of the chemi<?al yield 
of palladium. The precipitate was immediately dissolved in 
nitric acid and silver carrier added. After a time interval 
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Fig. 17 
Ef'ficiency of the end-window counter for counting 4.45 
hour 105Ru in sources of different weights of 
ruthenium dioxide. 
TABLE 11 
Relative Yield Measurements of 4.4-5 hour 105Ru 
Run Source Chemical . C' Ao Ao 8Ru Ao 8zr Relative Yield ~ No. wt., mg. % . obs. corr. x 105 Zr x 105 Yield 
4 }.05 24-. 5 0.325 1. 34-xlO 2 3 l.68xlO· 3.096 l.68xl0 3 3.593 0.309 
' 2.73xl03 
4 
. 3 
19 13.39 81.4- 0.317 l.06xl0 4-.335 9.39xl0 4.997 0.343 
'7. 4 4-
20 7.28 44-.4 0.321 1. 70xlOJ l.19xl0 3.698 l.12xl0 4.125 0.310 
6.34 38.7 0.322 2 7.99xl03 6.303 6.59xl03 7.24-8 o. 363 23 9.9 xlO 
Relative yield of 4.45 hour 105Ru = 0.331 ± 0.026 
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of approximately twelve hours, when sufficient silver activity 
had grown into the solution, silver chloride was precipitated, 
purified by ferric hydroxide scavenges, and reprecipitated for 
counting. Precipitation of silver iodate, as in the s.eparation 
of fission-product silver, was not found to be practieable 
owing to the subsequent interference of HI03 with the rec·overy 
of palladium by-re-precipitation with dimethylglyoxime. The 
silver milkings were repeated at approximately twelve-hour 
intervals until the activity on the silver sources produced 
was too low to be of significant value. 
Calibration of the end-windov1 counter for 3.4 hour 112.t\g 
There are several silver isotopes p1·esent in a sample of 
pile-irradiated uranium and silver decay curves would therefore 
have been difficult to resolve. By separating fission-product 
palladium from such a sarrq:>le, and milking silver from the 
palladium when it had grown in sufficiently:, a. solution was 
112 
obtained which contained only 3.4 hour Ag. The chemical 
procedures used. were similar to those employed in the thorium 
investigation, reduced for wor•k.ing with less than l mg. of 
added carrier. Exact timing of the separation was not nec:es-
sary as calibration only required the comparison of the 
counting rates of the solid sources with the absolute dis~ 
integration rate at a set time. The calibration c:mrve. pro-
duc:ed for sources of silver chloride is given in Fig. 18. 
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Fig. 18 
112 Ef'ficiency of the end-window counter f'or counting 3.2 hour Ag 
in sources uf dif'f'erent weights of silvep chloride. 
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Results of Relative Yield Measurements for I.!as.s. Number 112 
The results of the palladium - silver milking experiments. 
are given in Table 12. 
Since the silver was. never permitted to come completely 
to equilibrium with the palladium parent, it was necessary to 
calculate the palladium activity in the following manner: 
If 112Pd. = 1, 112.Ag = 2, t = time interval in which the silver 
was growing into the decaying palladium, I~ = palladium activity 
before the silver appeared (i.e. at the time of the previous 
removal of silver) 
a <~2 ~ )\1) Il = I 2 ___ __...__,__-=----
-.>. t - ~ t (e 1 - e 2 ) 
The decay curves or the silver sources we1"e extrapolated. 
to the time of the milking of the silver, and r 2 obtained by 
application of the usual chemical yield and colmter efficiency 
corrections. I~ was then·calculated by use of' the above equa-
tion. Af'ter allowing for the chemical yield of the palladium 
from which the silver was milked the decay of the palladium was 
plotted to obtain IPd. for use in the relative yield equation. 
TABLE 12 . 
Results of palladium-silver milking experiments 
Run Pd t Ag At At 8Pd 8zr yield yield 
'? Ao Ao Relative No. % (min.) % Ag Pd Pd x 105 Zr x 105 yield 
91.0 389 49.5 0.401 l.46xl02 
';; 
l.2lxl0"' 
24 76.4 720 48.9 0.401 l.lOxlO 2 1.0lxl03 
69.7 620 45.5 0.402 6.5 xlO 1 - 02 b. 95:xl l.34xl0 2 2.783 4.27xl03 2.762 0.383 
96.C 370 75.5 0.396 3.50xl02 2.3lxl03 
25 39.8 760 62.0 0.398 1.90xl0 2 ::...85xl03 
29.0 660 70.5 0.397 9.9 xlO 1 ]_. l 7:x:l0 3 2.66x103 8.330 9.45xl03 8.292 0.346 
80.6 850 78.0 0.395 l.07xl02 6.10xl02 
29 62.7 660 89.3 0.394 5.9 xlO 1 ;; • 67:x:l02 
1 2 6.33xl02 
'Z 
61.6 780 85.0 0.394 3.6 xlO 2.48xl0 4.463 2.37xl0) 4.435 0.328 
Relative yield of 21 hour 112Pd = 0.352 + 0.028 
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(8) Silver 
The relative yields. of m§.S.s; numbers; 111 and 11.3 were 
determined by the direct separation of fission-product silver. 
The decay chains for these mass numbers. are:-
(short 
5 • Bh. lllnJ>d --+746 • lllmAg 
111Rh)·Y 10 .. 75 X' \ l "-.,.Stable 111cd o.~ ~ . /' 
23m. 111Pd . ..-..+7.6d.lllAg../"" 
1 • 2m.113mAg. 
o.r l l.4m.Pd Stable 0·~ 113 / 5.3h. Ag. 
The radiochemical proc:edure used in the separation of 
38 fiss,ion-product silver was bas.ed upon. the method of Sunderman. 
Silver was s:eparated from the solution of irradiated. material 
by precipi ta ti on of silver chloride. Afte·r a s:caveriging pre-
e:ipi tation of ferric hydroxide from ammoniacal solution, silver 
was decontaminated f1 .. om fission-product l1alides by precipi.ta-
tion of silver benzotriazole from a solution containing 
E.D.T.A. The precipitate was dissolved in nitric ac:id, and 
silver oxide precipitated by addition of sodium hydroxide. 
Retained organic matter was removed and the oxide converted. 
to sulphate by heating to dryness with sulphuric ac:id. The 
silver sulphate was dissolved in water and silver ioda.te: pre-
cipitat~d for counting. 
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The sources prepared decayed with half-lives of 5.3 hours, 
eancept in those irradiations where a very high neutron flux 
was obtained, and then 7 .6 day 111Ag vras also detected .• 
The details of the relative yield measurements. of 113Ag 
to 97 Zr for neutrons of dif'ferent bombarding energies (as. 
referred to in Chapter 2, page 21) are included in this section. 
Estimation of' the efficiency of the end-window counter for 
111 113 Ag :~.and .Ag. 
The efficiency of the end-window counter for sources of 
silver iodate containing 111Ag and 113Ag was estimated by com-
parison with other sources, taking account of the ~-energies 
of the nuclides concerned and the electron density of the 
sources. 
Results of Relative Yield Measurements• 
The results of the relative yield measurements of 7.6 day 
lli.Ag and 5.3 hour 113Ag are presented in Tables 13 and 14. 
111. The variability of the results for 7.6 day Ag may be attri-
buted to the low counting rates. obtained. 
Relative yield measurements, of 113.Ag to 97zr for neutrons of 
different energies 
The reason for this. experiment has been given in Chapter 
2 (page 21). 
TABLE 13 
Relative Yield Measurements of 7.6 day 111Ag 
Chemical Ao SAg Ao 3zr 
-
Run Source Ao Relative 
No. wt., mg. Yield 
' 
o"bs. corr. 
x 105 
Zr 
x 105 Yield % 
6.31 21.8 0.31 2.9xl01 2 4.723 9.86x103 4.511 0.45 10 4. 3xl0 
15.99 0.30 1 2 3.532 8.74x103 3.393 0.35 12 55.1 5.0xlO 3.0xlO 
39.6 0.30 1 2 3 0.36 15 11.45 3.6xl0 3.0xlO 1.093 8.76xl0 1.072 
5.9xl01 2 6.192 4 6.052 Q.47 18 9.15 31.7 0.31 6.2xl0 l.39xl0 
Relative yield of 7.6 day 111Ag = 0.41 + 0.06 
TABLE 14 
113 Relative Yield Me~~surements of 5. 3 hour Ag 
Run Source Chemical 
'? Ao Ao SAg Ao 
8
zr Relative 
No. wt., mg. Yield, % obs. corr. x 105 Zr x 105 Yield 
5 5.84 20.2 0.377 l.llxl03 l.46xl0 4 6.998 1. 66xl0 4 8.353 0.326 
6 18.31 63.4 0.364- - 3 1. 78J!.l0 7..69xl.03 1.941 7.90xl03 2.232 0.347 
8 14.65 50.7 0.368 l.60xlo3 8.54xlo3 2.349 8.20x103 2.634 0.362 
10 6.31 21.8 0.376 8.32xl0 2 l.02xl0 4 4.068 9.86xl03 4. 511 0.357 
15 11.45 39.6 0.374 1. 28:x:10 3 8.62xl03 1.02-5 8.76x103 1.072 0.322 
-
Relative yield of 5.3 hour 113Ag = 0.343 + 0.018 
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Experimental 
For each irradiation two packets of thorium nitrate were 
prepared:- a small square packet which was attached to the 
base of the target block, and a long narrow packet which was 
wrapped around the side of the target block. During irradia-
tion these packets were bombarded with neutrons of 14.8 and 
14.1 MeV respectively. After irradiation, the relative yield 
of silver to zirconium was determined for each sample. 
Results 
The results, which are presented in Table 15, indicate 
113 that any differenc:e,s . .-· in the ratio of· the yields. of Ag to 
97
zr which might arise from small differences in the energy of 
bombarding neutrons are too small to -oe detected by the cui-•rent 
,,,,,.. 
procedure. Whilst the activities induced in samples irradiated. 
at the side of the target can be seen to be an order of magni-
tude less than activities induced in samples attached to the 
bottom of the target block for irradiation, the results of 
relative yield measurements in either cas.e are seen to be in 
agreement, within suggested experimental errors ... 
TABLE 15 
Rela.tive Yield Measurements of 5.3 hour 113Ag for neutrons of different energies 
Run E Source Chemical ~ Ao Ao SAg Ao 
8zr Rela.tive 
No. n wt., mg. Yield, % ObEJ. ccrr •. x 105 Zr x 105 Yield 
11 14.1 10.45 36.3 0.373 l.53xl0 2 l.13xl0 3 3.102 l,12xl0 3 3.393 0.344 
12 14.8 15.99 55.1 0.367 l.85xlo3 9.15xl0 3 3.102 8.74xl0 3 3.393 0.355 
17 14.1 4. 21 14.6 0.383 l.48xl0 2 2.65xl03 5.751 2.60xl0 3 6.052 0.333 
18 14.8 9.15 31.7 0.376 l.65xl03 l.38xl0 4 5.751 l.39x10 4 6.052 0.324 
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(9) .Antimony 
The relative yield of mass. number 129 was determined by 
the radiochemical separation and measurement of 4.6 hour 129sb. 
The decay chain for this mass number is:-
37d.129IDrre 
4.6h.129sb o.r l /l.7x107y. 129I~ Stable 129xe 
0.64~ 
72m.129 Te 
The separation of f'ission-product antimony from irradiated 
45 thorium carbonate was based upon the method used by Pappas 
for the rapid separation of short-lived antimony fission pro-
duct·s. Samples of irradiated thorium carbonate \Vere dissolved 
in a solution containing lOmg. of antimony (III) carrie1". 
The antimony was oxidised to the (V) s:tate with chlol"'ine, and 
extracted into di-iso-propyl ether. It was baclc-extracted 
into a saturated solution of hydrazine hydrochloride and 
potassium thiocyanate. Af'ter a scavenging precipitation of 
tellurium, metallic antimony was precipitated by addition of 
chromous chloride solution, and a source prepared for counting. 
Trial separation of antimony from samples of unirradiated 
thorium nitrate produced sources contaminated by 212Bi (ThC). 
This contamination was. eliminated by removal of the thorium· 
daughters from the samples before irradiation, as described 
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in Chapter 2, page 17. Sources of fission-product antimony 
prepared from samples of irradiated thorium carbonate decayed 
with the 4.6 hour half-life of 129sb. 
Calibration of the end-window counter for 4.6 hour 129sb. 
Fission-product antimony was separated fr•om a sample of 
pile-irradiated uranium by the method described above, reduced 
fo1~ working with approximately 1 mg. of added carrier. The 
final antimony precipitate was dissolved in a few drops of 
nitric acid and diluted to 5 ml. to provide a solution for 
preparation of 4Ti' sources, and for addition to antimony carrier 
for preparation of a set of sources for end-window counting. 
Owing to the length of the iI'r~adiation in the pile (3 days) 
long-lived antimony isotopes were observed in the sources thus 
pr·epa1~ed. 'l'hese were not detected in the short laborato1~y 
irradiations of thorium. However resolution of the decay 
curves for the 4.6 hour 129sb was poss,ible. The absolute 
activity of 129sb in the 411' sources was calculated, taking 
account of the 129ni.re daughter resulting from some 64% of the 
antimony dis;integrations. The 129sb activity of ea.ch of the 
solid sources was. obtained by resolution of the appropriate. 
dlecay curve and the eff'iciency of the end-window counter for 
counting these sources calculated. The calibration of the 
counter for this nue.:lide is given in Fig. 19. 'l'he calibration 
includes the correction factor for the 129ni.re contribution to 
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Fig. 19 
Efficiency of the end-window counter for counting 4.6 hour 
129sb in sources of different weights. of metallic antimony. 
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the cotmting l"'ate of the solid sou1"'ces. 
Results of Relative Yield Measurements for 129sb 
The results of the mea.surements of' the relative yield of 
4.6 hour 129sb to 17 hour 97zr are given in Table 16. 
(io} Tellurium - Iodine 
The decay chain for mass number 132 contains t-wo nuclides 
with half-lives convenient for measurement in the cu1"'rent work. 
The decay chain for this mass number is:-
77 hour tellurium was separated in all experiments. In the 
fi1"'st case this was measured by preparing sources of elemen-
tary tellurium with 132Te - 132r. in transient equilibrium. In 
the second case 132r was milked from purified tellurium and 
sources of silver iodide prepared for counting. The end-window 
counter was independently calibrated for both types of sources 
counted, and so the measurements. on these nuclides give an 
indication of the reliability of the methods. 
(a) Separation and measurement of 132Te 
The separation of tellurium from irradiated thorium nitrate 
TABLE 16 
Relative Yield Measurements of 4.6 hour 129sb 
Run Source Chemical Ao Ao 8Sb Ao 8zr Relative 
No. wt., mg. Yield '? obs. corr. x 105 Zr x 105 Yield % 
42 3.33 25.3 0.635 6.70xl01 4.16xl0 2 1.770 3.85xl0 
2 1.834 0.302 
43 3.75 28.5 0.650 3.97xl0 2 2.14xl03 5.061 l.74xl03 5.371 0.351 
44 3.43 26.2 0.638 4.16xl02 2.~8x103 3.773 2.25xl03 3.9@1 0.315 
Relative yield of 4.6 hour 129sb = 0.323 ± 0.025 
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was pre.ceded by the redox cycle recommended by T.c. Hoering.46 
Telluriwn was precipitated with sulphur dioxide, and purified 
by dissolution and reprecipitation, with scavenging prec.ipita-
tions of ferric hydroxide, as described by Meinke. 24 Sources 
containing fission-product tellurium prepared by this method 
decayed with the 77-hour half-live of 132rre after the ini t·ial 
growing in of 1321. 
Calibration of the end-window counter for 77 hour 132Te -
2.30 hour 132r. 
A solution of "carrier-free" tellurium was obtained f'rom 
the Radiochemical Centre, Amersham, and its absolut~ ac:tivi ty 
de,termined by 4tr counting of aliquot parts. Both 132•re and 
132r were counted in transient equilibrium in the 411" counter 
and the contribution from the tellurium calculated from this. 
A weighed ·quantity of active solution was added to a 
solution of tellurium carrier, and after digestion to ensux•e 
complete isotopic exchange elementary tellurium was precipitated 
with sulphur dioxide and a set of sources of different weights 
prepared for the end-window counter. The efficiency of' the 
counter for detecting 132Te in these sources was determined, 
and a calibration curve of counter efficiency (including the 
correction term for 1321) against source weight is given in 
Fig. 20. 
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Fig. 20 
Efficiency of the end-window counter for counting 77 hour 
132 1"2 Te - 2.3 hour 0 I in sources. of different weights. of 
metallic tellurium, 
70. 
Results of Relative Yield Measurements 
The results of the measurements of the yield of 77 hour 
132Te relative to 97zr as determined by the separation and 
counting of elementary tellurium are presented in Table 17. 
(b) Measurement of 132Te by milking of 1321 
Tellurium was separated from irradiated thorium nitrate 
by the method described above (page 68) and a tellurium source 
prepared and weighed. The tellurium was then dissolved, and 
iodine carrier added. After a period of time sufficient for 
2.3 hour 1321 to grow into transient equilibrium with the 77 
hour 132Te a redox cycle was carried out to ensure complete 
exchange of iodine activity and added carrier. The iodine was 
purified and pr•epared for counting by e:={tr·action into carbon 
tetrachloride, back extraction into sodium sulpl1i te solution, 
and precipitation of silver iodide. 'l'he tellurium was l"'e.covered. 
and the milking procedure repeated for as many times as was. 
justified by the counting rates. obtained on the silver iodide 
sources. Complete details of the procedure are given in the 
appendix (page. 105) •. 
Calibration of the end-window counter for 2.30 hour 1321. 
A solution of iodine activity was obtained by milking a 
portion of the tellurium from the Radiochemical Centre , .Amersham. 
The absolute activity of the iodine solution was determined by 
411" counting of aliquot parts. A weighed quantity of the 
TABLE 17 
l~ Results for 77 hour Te 
Run Source Chemical Ao Ao 8Te 0 8zr Relative 
No. wt., mg. Yield '7 obs. corr. x 105 A Zr x 105 Yield % 
2 1.4-7 14-. 7 0.683 9.3 xlO 1 9.2lxl0 2 1.231 3 4-.4-2xl0. 1.14-1 0.871 
0.682 2 4-.l8x103 10.176 4- 9.510 0.765 13 1.58 15.8 4-. 52.xlO 2.3lxl0 
21 2.30 23.l 0.668 1. 32:xl0 2 8.5lxl0 2 2.325 4-.62x103 2.176 Q.780 
32 2.51 25 .4- 0.664- 8. 56xl0 1 5.07xl0~ 3.04-8 2. 6:::~x10 3 2.953 0.850 
33 2.30 23.l 0.668 1. 66:xl0 
2 l.07xl03 5.878 5. 28xl0:3 5.667 0.891 
Relative yield of 77 hour 132Te = 0.835 ± 0.056 
71. 
solution was added to a solution of iodine carrier and a set 
of sources of' s.ilver iodide prepared and counted in the end-
window counter. The eff'iciency of the end-window counter f'or 
counting 2.30 hour iodine in sources of' dif'ferent weights of 
-silver iodide is given in Fig. 21. 
Re:sults, of Relative Yield Measurements. 
The results of the measurementa of the relative yields of 
77 hour 132Te and 1 7 hour 97 Zr a1s determined by the milking 
of' 2.30 hour iodine f'rom the tellurium are given in Table 18. 
The relative yield determined by the counting of iodine milked 
from the tellurium w.ill be seen to be within the limits. of' the 
determination by counting metallic tellurium sources. 
(11) Barium 
The fission yield for mass; number 139 was. determined by 
the radiochemical separation and measurement of 82.5 minute 
barium. The decay chain for this mass·. number is:.-
, ,.., 138x ~ .... ,m. e 
2 0 139T,0.04 +n • s. .ll., 
0
•
96 139 9 ~4ls. Xe ~9.5m. 139cs.-+ 82.5rn.13'-'Ba--t Stable139La. 
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Fig. 21 
So11rc.a. w1.a,ht: '. m~. 
Ef'ficiency of' the end-window counter for counting 2,3 hour 
132r in sources of different weights of silver iodide. 
TABLE 18 
. . 132 132 Results for milking 2.3 hour I from 77 hour Te 
Run Te yield t (hrs;.;·) I source I 
' 
At At Ao 
No. wt., mg. _yield I Te Te 
59.6 18.0 15. 40 81.9 0.375 3.52xl0 2 l.94xl0 3 2.27xl0 3 
66.5 15.10 80.8 0.375 2 3 3 33.1 l.28xl0 J..26xl0 2.30xl0 
36 1 2 3 20.5 90.0 11.76 62.3 0.377 4.58xl0 9.50xl0 2.12xl0 
16.7 9.24 0.380 1 2 
~ 
113.0 49.3 2.7 xlO 8.55xl0 2. 29xl0"' 
Ao 8Te Ao s Relative Zr 
Te x 105 Zr x 105 Yield 
2.25xl03 6.231 l.25xl0 4 5. 985. 0.782 
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'l'he s.eparation of fission-product barium from irradiated thoriwn 
was not commenced until at least an hour after the end of an 
irradiation to allow for the growing-in of barium from its 
9.5 minute precursor. 
The contamination of sources of fission-product bariwn 
with the radium daughters of thorium and hence also the latter 
members of the thorium series was anticipated and s,teps. were 
taken to minimise this interference. vn1ilst barium and radium 
have been separated by ion-exchange it was not found practicable 
to do this in the time available for the separation of' 82.5 
minute barium from irradiated thorium. It was more convenient 
to purify the thorium before irradiation by the procedure given 
in Chapter 2 (page 17). Barium sources produced after this 
still contained some contaminating activity due to the re.-
appearance. of the thorium daughters, over the period of' irradia-=-
tion but this wa:.s at a lowe,r level and could be conveniently 
subtracted from the observed decay curves. to obtain the decay 
of 82.5 minute barium. Since the thorium daughter activities 
contained several ot c:ontributions which would overload the 
amplifier of ':thev:counting system, the barium sources were 
covered with 12 mg./cm2 aluminium foil which was sufficiently 
thiclc to s.top the most energetic of the 0(-particles encountered 
and allowance made for the attenuation of the 2.27 MeV fl -
particles in the correction for the efficiency of the counter 
for 82.5 minute 139Ba. (see below). 
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Barium and strontium were usually sepa1,ated together from 
irradiated thorium. The initial steps are described in the 
section on strontium (page 49). Barium wa.s separated from 
strontium by precipitation of barium chromate fi-•om an acid!. 
buffered solution. The subsequent purification of barium 
consisted of precipitations of barium chloride, as recommended 
by Sunderman38 , and sources of barium chloride were prepared 
for counting. 
Es.timation of the efficienc:v of the end-window counter for 
82.5 minute 139Ba 
The efficiency of the end-window counter for counting un-
covered sources of barium chloride was estimated from the 
measured efficiencies for sources of other nuclides, taking 
account of the p -energies involved and the electron density 
of the sour•ces. The reduction in counting rate due to 
covering the sources with 12 mg./cm. 2 of aluminium was. es;timated 
to be '7'}ll, considering the energy of the ~ -particles from the 
barium. '£he coi-•rection factor for this effect was; included 
in the overall counter efficiency for this nuclide when caleu-
lating barium activities induced in thorium. 
Results of Relative Yield Measurements. 
The results of the measurements of the relative yields: 
of 82.5 minute 139Ba and 97 Zr are given in Table 19.. Decay 
curves for 139Ba were obtained after subtracting the contribu-
rABLE 19 
Results of Relative Yield Measurements of 8?_!..5 mi~.~t::~_: 39Ba 
Run Source Yield 
'? ::g~.rent Ao Ao 
8Ba Ao 8zr Relative 
No. wt., mg. 'fa Factor obs. corr. x 105 Zr x 105 Yield 
68.9 4 
4 1.689 
. 3 
9 12.78 0.332 0.882 l.46xl0 5.64xl0 4.87xl0 2.778 1.54 
0.341 0.882 2 4 4-.041 3 5.831 1.72 22 1.45 7.8 7.72xl0 2.57xl0 l.74xl0 
11.29 60.9 0.333 0.882 3 4 2.270 2 3.162 1.65 28 2.50xl0 l.09xl0 7.4lxl0 
Relative yield of 82.5 minute 139Ba = 1.64 ± 0.09. 
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tion of the thorium daughters; p-emi tters from the observed 
counting rates. 'fhe "parent factor" talces account or the decay 
139 139 . 
or Cs, and Ba during the irradiations; owing to the com-
parative half-lives of the two species, as described in Part b 
of this. Chapter (page 38). 
(12) Cerium 
The relative fission yield for mass number 143 was, deter-
mined by the radiochemical separation and measurement of 33: 
hour 143ce. The decay chain for this mass, number is:-
The separation of fission-product cerium from irradiated thorium 
was not commenced until ninety minutes after the end of an 
irradiation to allow for the decay of eighteen minute lanthanum •. 
13.7 day 143Pr was also observed in the sources produced. 
The radiochemical separation of cerium wai.s bas.ed upon the 
method of Glendenin et al. 47 in which cerium (IV) is; extracted. 
into hexone. Samples of irradiated thorium were dissolved in 
nitric acid containing carriers for cerium, ~irconium, a~d 
other elements to be separated.. After a redox proccedure and 
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digestion to ensure complete exchange between fission-product 
species and added carriers, cerium was reduced to its trivalent 
state and the bulk of the thorium removed from the solution by 
precipi ta ti on of thorj.um iodate. Cerium llydI•oxide was pre-
cipitated on making the solution alkaline. The precipitate 
was dissolved in ni tric--·acid-sodium bromate solution and Ce (IV) 
extracted into hexone. The cerium was back-extracted into 
water containing a few drops of hydrogen peroxide and cerium 
oxala.te sources prepared for counting. Sources produced by 
the foregoing procedure were sho\m1 to be free of contamination 
from thorium and its daughters when cerium carrier wais. separated 
from a saTilple of thorium which had not been irrad.iated. Sourc:es 
lll.3 
of fission-product cerium contained 33 hour - Ce with 13.7 day 
143growing.in. The decay of these sources was resolved to 
obtain the decay of 33 hour cerium. 
143 Calibration of the end-window counter for 33 hour Ce 
Cerium activity was separated from a sample of pile-
irradiated uranium by the method of Glendenin et al. reduced 
for working with 1 mg. added carrier and omitting the final 
precipitation of' cerium oxalate. The absolute activity of' 143ce 
in the solution obtained wa-s determined by 411"counting of aliquot 
parts. A weighed quantity of the solution was added to a solu-
tion of cerium carrier and a set of sources prepared for the 
end-window counter. The decay of the s.ources was resolved to 
76. 
obtain the 143ce activities in them. A calibration curve was. 
drawn for the efficiency of the end-window counter for detecting 
143
ce in sources of different weights of cerium oxalate, and 
is given in Fig. 22. 
ResW..ts. of' Relative Yield Measurements 
The results of the measurements of the yield of 143ce 
relative to 97zr are given in Table 20. 0 A corr was obtained 
from A0 by application of corrections. for counter efficiency 
obs. 
and chemical yield. The relative yield wa.s calculated by 
application of the relative yield equation (page 38). 
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143 Efficiency of the end-window counter for counting 33 hour Ce 
in sources of different weights, of cerium oxalate. 
TABLE 20 
143 Results for 33 hour Ce 
... 
Chemical see szr Run Source Ao Ao Ao Relative 
No·. wt., mg. Y.:feld 
" 
obs. corr. 
x 105 
Zr 
x 105 Yield % 
'· 
5 15.01 55.3 0.267 2.07xl03 
. 4· 
l.40xl0 8.687 l.66xl0 4 8.353 1.58 
6 13.38 49.3 0.271 8.09xl0 2 6.00x103 2.303 7.90x103 2.232 1.43 
19 13.59 49.9 0.271 l.06x103 7.82xl0 3 5.114 9.39xl0 3 4.997 1.58 
20 3.93 14.4 0.294 3.39xl0 2 8.00x103 4.200 l.12xl0 4 4.125 1.36 
26 3.55 13.1 0.296 2.46xl02 6.32xl0 3 6.866 9.01x103 6.737 1.34 
30 8.50 31.4 0.284 2.87xl0 2 3.22xl03 3.807 3.87xl03 3.735 1.58 
Relative yield of 33 hour 143ce = 1.4-8 ± 0.13 
... :. 
A 
83 
84-
91 
93 
-
97 
99 
105 
_,.____________ ___ 
111 
112 
113 
129 
132 
139 
14-3 
TABLE 21 
Correction of measured relative yields to total chain yields by 
application of the hypothesis of egual charge displacement. 
Nuclides 
ZA A'X zx Z +Z x z z Z-Z I.Yo of Measured A A A p p successors 
2.4-h.Br . 36. 2 14-5 .4- 60.,8 97o0 32.7 35,.,0 2o3 (10-4-
6.0m.Br 36.6 144.4- 60.4- 97.0 33.1 35.0 1.9 l.lxl0-9 
31.,8moBr 
* 
· 1x10~ 3 , . .,.. 
9o7h.Sr 4-0o2 137.4- 57.2 97 .4- 36c.5 38o0 1.5 (10-4-
i0.,3hoY 91.0 135.4- 55.8 96.8 37.6 39.0 1.4- lo5xlo-3 (10-4 
3.3xlo-2 17.0h.Zr 42.6 131.4 54-. 0 96.6 39.3 40.0 Oat 
3o7xlo-4 
66h.Mo 4-3 .4- 129.4- 53o7 97 .~:.:!' 39.8 42.0 2.2 (10-4-
-
-4-
4-.45h.Ru 45.8 123 04- 51.6 97 .4- 42.l 44o0 1.9 l.lxlO (10-4-
-------
*- t-- --·------ -- I_... -·---· --·-------- ··---------- '·-- ----, --- -- ---4· -- -7;.;fid • .Ag 48.1 117.4 50.0 ·gs.1 44.0 47.0 3.0 (10 
.. 
·' 
-· 
·' -4-
--·-
* 
;-\. 6.0xl0 2lh.Pd 48.6 116.4 49.7 ·gs. 3 :'.J.l..f-·~ 1+ 4-6.0 1.6 {10-4 
5.3h.Ag 49o0 115.4 49o9 98.9 LJ-LI-. 5 4-7 0 0 1.5 
l.O'X.10-3 
(10-4-
4. 6h.Sb 53.,5 9904- 43.5 97.0 50.0 51.,0 1.0 
l.,Ox10-2 
(10-4-
77h.Te 54. 6 96o4 4-2 0 5 97.,1 51.0 52o0 l.O 
l.Oxlo-2 
(10-4-
. -
* ' * 83m.,Ba 57.,8 8904- 39.1 96.9 54-o 3 56o0 1.7 3.7xl0-4-
-4-
37.l 56 04- 58o0 1.6 
6.0xle 
33h. Ce 59.9 85.4 97o0 (10-4-
.. % 
measured 
100.0 
99.99 
•. 
99.90 
99085 
96.66 
100.0 
99.99 
··100~-0--
.. 
99 .·94 
-. 
99.,90 
99.00 
99.00 
99096° 
99094-
* Average of two values, where mass numbers lie in two shell groups. 
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CHAPTER IV 
COLLECTED RESULTS AND DISCUSSION 
(a) Correction of measured yields to total chain yields. 
To obtain total cl1ain yields from the measured yields. 
of nuclides which are one or two J'-decays from the end of 
the chain, it is necessary to apply a correction for the 
charge distribution at the instant of fission. The hypo-
theses which have been put forward to explain the charge. 
distributions in the fission of many of the heavy elements 
have been briefly described in Chapter I (page 5). 
Alexander and Coryell ( 48 ) have me a.sured_ the indepen-
dent fission y·ields of five products in the f"ission of' 
thorium by fast neutrons (produced in the beryllium target 
of' a cyclotron and containing a. spread of energies. up to 
19 MeV). Reasonable agreement was found with the equal 
charge displacement hypothesis and poor agreement with the 
postulate of unchanged charge distribution. The equal charge 
displacement hypothes.is has been applied to correct the 
measured yields in the current investigation of the fisston 
of thorium with 14 MeV neutrons. 
As stated in Chapter I, the equal charge displacement 
hypothesis may be written a:.s; 
::i: 
= z A - z; 
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::,: 
where ZA and ZA are the most stable charges, of complement-
* a·ry fission product chains and Zp and Zp are the most 
probable charges for the primary fission products A and 
* A. The 
::t 
sum of the primary charges Zp and Zi:i 
the charge of the fissioning nucleus, Zf: 
must eg_ual 
The complementary fission product ma.sses. are re:lated. by 
where Af is the mas.s number of the fissioning nucleus and \) 
the average number of neutrons emitted per fission. 
The equation for the most probable charge. of a fission 
product of mass number A is given by 
... 
Zp = Z A - i ( Z A + Z A... - Zf) • 
Values of Zp have been calculated for the mass chains in-
ve.stigated in the current work, and are given in Table 21 •. 
Values for ZA have been taken from the data of Pappa.s.<45 ). 
For mass. numbers in the vicinity of shell closure there is 
an uncertainty in the ZA value. Where this occurs, the 
avei-'age of the ZA values from the two groups has been tal{en, 
as suggested by S.teinberg and Glendenin ( 51 ) •. In calc:Ula.ting 
A*, a value of 4.6 was taken for~' as determined by Smith, 
Nobles, and Cox( 52). The ave.-r·age number of neuti-•ons. 
emitted from a given fission fragment has been shown to 
b d d t th f tl (53) e epen en on e mass o ~le fr•agment • However, 
this variation occuI'S. in such a way that the total number 
of' neutrons from complementary fragments remains approxi-
mately constant. 
A.fter calculation of 21>' Z. - 21> was obtained for the 
nuclides measured and the independent yields of the re-
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maining nuclides. in the mass chains concerned obtained from 
the ci1arge distribution curve of Nethaway and Wahl (49 ). 
This curve is similar to Glendenin' s (l2), but gives. some-
what better agreement with mor·e recent data( 5o). 
The fraction of the total chains represented by the 
nuclides isolated was found, and is given in 'fable 21. 
The correction of measured yields to total chain yields 
is given in Table 22. The "measured yields" are those.- de-
termined in the ex:peI'imental worl<: described in Chapter III. 
The measured yield for mass number 84 includes both measure-
ments of 6.0 minute 84Br and 31.8 minute 84Br. The results 
of the tellurium-iodine milking experiment have been in-
eluded in the tellurium measurement. 
TABLE 22 
Correction of measured yields to total chain yields 
Mas.s Mea.sure:d. % of •rotal Chain 
Number Yield cha.in Yiela_ 
83 0.395 +. 0.087 100.0 0.395 + 0.087 
84 o.507 + 0.034 99.99 0.507 + 0.034 
91 1.77 ± 0.09 99.90 1.77 ± 0.09 
93 1.58 ± 0.11 99.85 1.58 ·.+ 0.11 
97 1.00 96.66 1.07 
99 0.503 + 0.024 100.0 0.503 ± 0.024 
105 0.331 ± 0.026 99.99 0.331 ± 0.026 
111 0.41 + 0.06 100.0 0.4·1 ±.. 0.06 
112 0.352 ± 0.028 99.94 0.352 ±. 0.028 
113 0.343 +. 0.018 99.90 0.343 ± 0.018 
129 0.323 +. 0.025 99.00 0.326 ± 0.025 
132 0.825 + 0.054 99.00 0.832 ± 0.055 
139 1.64 ± 0.09 99.96 1.64 + 0.0,9 
143 1.48 ± 0:913 99 •. 94 1.4·8 .·:+ 0.13 
(b) 'fhe mass-yield curve for fission of thorium with 
14 MeV neutrons 
By imposing the condition that the sum of the yields 
of all the fiss,ion products must be 2oor& it is possible. 
to normalise the measured relative yields to absolute. 
yields. 
A curve has been drawn through the corrected yields. 
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of' the masses given in Table 22 and the yields of' the:ir 
complementary mass.es, for a value of~ = 4.6< 52), and nor-
malised by imposing the above condition. The normalised 
yield curve is given in Fig. 23 and the absolute yields of' 
individual mass chains is. given in Table 23. 
Fission of thorium by 14· MeV neutrons can be seen to 
be essentially asymmetric, as. shown by the two maxima of the 
mass-yield curve. The yields of masses in the rggion of' the 
trough show a trend to a subsidiary maximum, but sinc:e the 
rise in yield involved is comparable with the deviation of' 
the experimental measurements a horizontal line: has: been 
drawn through this region. Similar uncertainties exist in 
the measurement of yields in the trough region for the 
fission of thori.um with pile neutrons and with 6 - 11 MeV 
neutrons, as shown in Figs. 2 and 3 in Chapter I. The 
high yield for mass. number 111 ha.s. also been seen to occur 
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Fig. 23 
The mass-yield curve for fission of thnrium 
with 14 MeV neutrons. 
Table 23 
Absolute mass yields for the fission or 
thorium with 14 MeV neutrons 
Mass Number Absolute Yield 
83 1.44 ± 0.32 
84 1.85 ±. 0.12 
91 6.48 ± 0.33 
93 5.80 ± 0.4·0 
97 3.92 
99 1.84 + 0.09 
105 1.24 ±. 0.10 
111 1.5 ±. 0.2 
112 1.29 + OelO 
113 1.26 ±. 0.07 
129 1.19 ± 0.09 
132 3.05 ± 0.20 
139 6.00 + 0.33 
143 5.41 ± 0.48 
--
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in both high and low energy proton fission of 232Th, 238·u, 
and 239Pu ( 54) • 
The pealc maxima will be seen to occur at mass.es of 91 
and 137 • .4, with a pealc width at half-height of 12.5 mass 
uni ts.. The peak-to-trough ratio is 4.85. 
The mass,....yield curve for fission of thorium with 14 MeV 
neutrons. is compared with similar curves for fission of 
thorium with neutrons of other (less well defined) energies, 
and for photofission of thorium in Table 24. Whilst a 
dif'ferent compound nucleus is produced in photofission, 
the distribution of the mass yields is comparable with 
neutron induced fission since approximately one less. p.rompt 
neutron is emitted in photofission( 22 ). The increased 
occurrence of symmetric fission (decreasing pealc/trough 
ratio) with increasing nuclear excitation is clearly demon-
s.trated. The slight differences in the positions of the 
peak maxima may be attributed to the increa•sing number of 
prompt neutrons. emitted with rising nuclear excitation. 
In other studies of asymmetric fission it has been 
generally found that the individual peaks become broader 
as. the energy of the fissioning nucleus is increas.ed .• ( 55 ) 
The mass,....yield distribution in the 14 MeV neutron-induced 
fission of thoritun does not appear to conform with.this: 
Table 24 
Mass-yield distributions in fissio"n of thoriu.m 
maxim.a 
method of peak light heavy peak width ref. fission trough m. u. 
14 MeV neutrons 4.85 91 137.4 12.5 This work 
* * * 6-11 MeV neutrons 11 9.1 141 17 
pile neutrons 
(average 2.7 MeV) 110 91 140 14 * 
69 MeV y 10 91 138 12 
* data taken from the mass-yield curves produced 
in the references quoted; these figures are not 
presented by the original authors. 
19 
18 
22 
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this generalization. Whils.t this difference may be due to 
the experimental limitations on defining this part of the 
mass-yield curve (see below), the similarity of' the mass-
yield curve with that produced in photofiss,ion is noteworthy. 
Alexander and Caygill have produced a mass,..yield curve 
for the fission of thorium with O - 19 MeV neutrons( 4B). 
This investigation was. primarily of the nuclear charge dis,.. 
tribution, and a limited number of ma.ss. chains were in-
vestigated, not giving complete coverage of the mass dis,.. 
tribution. 
The mass-yield cu1">Ves for the fies.ion of several of 
the heavy elements by 14 MeV monoenergetic neutrons, is. given 
in Fig. 24. The broad trough for fission of thorium is. 
conspicuous. The presence of this broad trough in the 
fission of thorium has .. been noted since the firs.t investiga-
tion of the fission of thorium with pile neutrons.< 18 ). The 
shift in the position of the light peak with the mas.s number 
of the bombarded nucleus is clearly demonstrated. The. 
effect of a nuclear shell at mass. number 132 on maintaining 
the position of the heavy peak was. mentioned in Chapter I. 
n~5 
The fine structure detected in the fission of ~0 U (and 
also in the mas,s-spectrometric: determination of yields in 
the "fast" neutron fission of 232Th) was, not detected. in 
the present work. 
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Fig. 24 
Mass distributions for fission of heavy elements 
induced by 14 MeV neutrons. 
232Th - this work. 
237Np - R.F. Coleman ·et .al. <56 ) 
235u - s. Katcoff(ll) 
(~o) 238u D.J. Silvester ' 
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The distribution of measured yields. about the curves 
given in Fig. 24 can only be seen by consulting the original 
references. In these, and other mas.a-yield distributions. 
which have been investigated, yield measur•ements. of masses. 
in the heavy region of the trough are particularly sc:are .. e. 
The number of mass chains for which the yield can be 
determined radiochemically is limited by the activities. 
produced in the fission-product isotopes. separated. This 
limitation is most severe in the regions. of the trough and 
outer wings of the mass-yield curve. In regions; of nuclear 
isomerism (particularly the heavy region of the trough) the 
existence of complex branched decay s:chemes malces it. dif'f'i-
cult to obtain the absolute ac:tivi ty of a specific: nuclid.a 
separated, and to correct this to a total mass yield. In 
some cases. the branching ratios; in some of thes.e chains. 
have yet to be dete:rmined. When the neces.sary nuclear data 
becomes available yields for additional fission-product 
cha.ins may be determined and the mass-yield dis.tribution 
investigated more thoroughly. 
(55) It has. been suggested tha.t some simplification might· 
be introduced in the analysis of mass: distributions if' they 
were regarded as the superimposition of symmetric: and 
asymmetric parts. The analysis of mea.sured mass. distribu-
tions into these separate parts, may become possible on 
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paying particular attention to measurement of yields in 
the trough region. 
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APPE.!'IDIX 
,~~--_.,.,. DETAILS OF RADIOCHEMICAL SEPARATIONS 
OF FISSION PRODUCTS 
l. ZIRCONIUM. 
Preparation and Standardisation of Carrier 
A carrier solution of zirconium nitrate containing 
. 10 mg. of zirconium/ml. in lN nitric acid was prepared, 
and standardised by precipitation of zirconium tetramandelate 
by the method described by Belcher et al~7 
Radiochemical Procedure 
Step l. The solution, containing thorium and 10 mg. of 
zirconium carrier and carriers for other elements to be 
separated, was adjusted to 3N in H Cl and 10 ml. of lM mandelic 
acid solution added. The solution was heated for 20 minute.s: 
0 to 80 - 90 C. in a water bath:,.-. t.o ~.pr~cipi ta te zirconi U.."Il 
te,tramandelate. The precipitate was centrifuged down, and 
the superna.te put to one side for the separation of other 
elements as required. 
Step 2. The precipitate from Step l was transferred to a 
10 ml. polythene centrifuge tube with washings of water, 
and dissolved with 60% HF. 0.5 ml. of lanthanum nitrate' 
solution (containing 10 mg. of La/ml.) was added, and the: 
solution s:tirred thoroughly wi tl1. a polythene rod. The 
precipi tat~ of lanthanum fluoride was centrifuged do\m. 
A s.econd 0.5 ml. of lanthanum nitrate was added, and the 
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precipitate formed centrifuged down on top of the first. 
The supernate was decanted into a clean tube, and the pre-
cipitate discarded. 
Step 3. 1 ml. of barium nitrate solution (containing 10 
mg. barium/ml.) was added, to precipitate barium zirconyl 
fluoride, and the solution stirred thoroughly.. 'rhe pre-
c:ipi tate was centrifuged down and the supernate discarded. 
Step 4. The precipitate was suspended in 2 ml. of water, 
and dissolved by addition of 1 ml. of saturated boric acid. 
and 0.5 ml. of cone. nitric acid. 1 ml. of barium nitrate 
solution was, added and 1 ml. of 60% HF, to reprecipitate the 
zirconium. After stirring, the precipitate was, centrifuged 
dovm and the supernate discarded. 
Step 5.- Step 4 was repeated. 
Step 6. The precipitate was suspended in 2 ml. of water 
and 0.5 ml. of boric acid, and dissolved by the addition of 
2 ml. of 6N HCl. The solution was made alkaline by addition 
of 6N NaOH, to precipitate zirconium hydroxide. After 
centrifugation the supernate was discarded. The precipitate 
was. washed with 5 ml •. of water and the washings discarded. 
Step 7. The precipitate was dissolved by addition of 3 ml. 
of cone. HCl and 3 ml. of water and transferred to a glass 
centrifuge tube with further rinses of water to make the 
total volume up to 10 ml. 10 ml. of lM mandelic actd was 
added and the solution heat.ed to 80 - 90°c. for 20 minutes 
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in a water bath, to precipitate zirconium tetramandelate. 
Step a. The precipitate was transferred to a glass-fibre 
filter disc and washed with 10 ml. of 5% mandelic ac:id -
~ HCl mixture, then with three 5 ml. portions of ethanol, 
and finally with two 5 ml. portions of ether. The source 
prepared was dried 1'or chemical yield determination and 
counting. 
2. BROMINE 
Preparation and Standardization of Carriers 
(i) A car·rier solution containing 1.0 mg. bromine per ml. 
as bromate was prepared by dissolving potassium bromate in 
water. The bromata content of the solution was determined 
by addition of potassium iodide and sulphuric acid to aliquot 
parts, and titration of the iodine liberated with s.odium 
thiosulphate solution. 
(ii.) A carrier solution containing 10 mg. bromine per ml. 
as potassium bromide solution was prepared and the bromine 
content determined by precipitation of silver bromide from 
aliquot parts. 
Radiochemical Procedure 
Step 1. The irradiated thorium was dissolved in 5 ml. of 
dilute nitric acid containing 1 ml. each of carrier solutions 
for bromate, zirconium, and any other elements to be 
separated. l ml. of bromide carrier was added, and 12 drops 
of saturated eerie sulphate solution, to complete the 
oxidation of bromide to bromine. 
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Step 2. The solution was transferred to a separatory 
fUIUlel and the bromine extracted into 3 x 15 ml. of carbon 
tetrachloride. The aqueous phase was retained for the 
separation of other elements. The organic extracts were 
added together and washed with 30 ml. of water and the 
washings discarded. A few drops of a solution of iodine in 
carbon te.trachloride was added to the organic: phase as a 
hold-back for fission-product iodine in the next extraction 
s.tep. 
S.tep 3. Bromine was baclt-extracted into 15 ml. of water 
containing a few drops of 6N hydroxylamine solution and the 
organic layer discarded. 2 ml. of 5M nitric acid was added 
to the aqueous layer and sufficient lM potassium permanganate 
solution to colour the solution permanently. The bromine 
liberated was extracted into 2 x 10 ml. of carbon tetra-
chloride and the aqueous layer discarded. 
Step 4. The carbon tetrachloride was shaken with 10 ml. of 
water containing a few drops of lM so~ium bisulphite until 
both phases were colourless. The organic phase was; discarded! .• 
Step 5. The aqueous phase from Step 4 was transferred to a 
beaker, 1 ml. 5M nitric acid added, and the solution warmed 
to expel so2• 2 ml. of O.lM silver nitrate was added to ~he 
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solution, to precipitate silver bromide. In order.to obtain 
a uniform source for counting, the precipitate was transferred. 
to a tared filter disc before it was completely c:oagulated. 
The source was washed with water, alcohol, and ether, and 
dried for weighing and counting. 
3. STRONTJ.UM 
Preparation and Standardisation of Carrier 
A solution of strontium ni t1"'ate was prepared, containing 
10 mg. strontium/ml. in lN nitric acid. This was s.tandardised 
by precipitation of sffirontium oxalate from aliquot parts in 
a similar way to which the fission-product sources were prepared. 
Radiochemical Procedure 
Step 1. 'l'l1e irr~diated basic: tl101"'ium carbonate was dissolved 
in cone. nitric acid containing 10 mg. quantities of carriers 
for barium, strontium, ~irconium, and any other elements. to 
be separated. After sxeps to ensure complete exchange between 
fission products and added carriers the solution was cooled 
in running water and 20 ml. of fuming nitric acid added, to 
precipitate barium and strontium nitrates. The precipitate 
was centrifuged dovn1 and the supernate put to one side for 
the s.eparation of other elements at a convenient time. 
Step 2. The precipitate was dissolved in 2 ml. of water 
and 15 ml. of nitric acid added to reprecipitate the strontium 
and barium. After cooling in an ice bath the mixture was 
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centrifuged and the supernate discarded. 
Step 3. The precipitate from Step 2 was dissolved with 
5 ml. of water and 1 ml. of' iron carrier solution (c.ontaining 
5 mg. iron/ml.) was added. A scavenging precipitation of 
ferric hydroxide was made by addition of' 2 ml. of 6N ammonia. 
After centrifugation the precipitate was discarded. 
Step 4. The supernate from step 3 was neutralised with 6N 
nitric acid and 1 ml. of 6N acetic acid and 2 ml. of 6N 
ammonium acetate added. The solution was heated to nearly 
boiling and 1.5 ml. of sodium chromate added, to precipitate 
barium chromat~. After standing for one minute, the pre-
cipitate was centrifuged down, and reserved f'or the separation 
of barium, as described on page • 
Step 5. 2 ml. of' cone. ammonia were added to the clear 
supernate f'rom step 4 and the solution heated to nearly 
boiling. 5 ml. of' saturated ammonium oxalate solution were 
added slowly, with stirring, to precipitate strontium oxalate. 
The precipitate was centrifuged do~m and the supernate 
discarded. The precipitate was transferred to a tared f'ilter 
disc with washings of' hot dilute ammonia and washed with 
ethanol and ether in preparation for· weighing and counting. 
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4. Y'I'TRIUM 
Preparation and Standardisation of Carrier. 
A solution of yttrium nitrate was prepared, containing 
10 mg. yttrium/ml. This was standardised by precipitation 
of yttrium oxalate from aliquot parts by the method des.cribed 
by Ballou~8 
Radiochemical Procedure 
Step l. Af'ter removal of z,irconium and thorium from the 
solution cerium and yttrium hydroxides were precipita.ted by 
making the solution alkaline with cone. ammonia. The pre-
cipitate was centrifuged do~m and the supernate discarded. 
The precipitate was dissolved in 9N nitric acid containing 
.sodium broma te and the cerium extr·ac ted into hexone • Yttrium 
was repr·ecipi ta ted from the aqueous phase by making it alkaline 
vii th arrunonia again. The precipitate was centrifuged down and 
the supernate discarded. 
Step 2. The precipitate of yttrium hydroxide from Ste.p 1 
was dissolved in 1 ml. of cone. nitric acid and the solution 
made up to 10 ml. and transferred to a polythene centrifuge 
tube. l ml. of zirconium holdback carrier was adde,d. and the 
solution made 4N in HF to. precipitate yttrium fluoride. @he 
precipitate was. centrifuged dovm and the supernate disearded. 
The precipitate was washed with 10 ml. of 5N HF and the 
washings discarded. 
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Step 3. The precipitate was dissolved in 2 ml. of saturated 
boric acid s.olution and 2 ml. of cone. ni trio acid, and dilute.d 
to 10 ml. Zirconium holdback carrier was added and yttrium 
fluor·ide reprecipi tated. 'rhe precipitate' was centrifuged down 
and washed, as in Step 2. 
Step 4. The precipitate was dissolved in boric acid and 
cone. nitric acid and the solution made up to 10 ml. Yttrium 
hydroxide was precipitated by addition of cone. ammonia. The 
precipitate was centrifuged down and the superng1,,t.e discarded. 
Step 5. The yttrium hydroxide was dissolved in 50 ml. of' 
cone. nitric acid and the solution transferred to a separatory 
funnel. 10 ml. of T,B.P. reagent (6QCifo T.B.P. in petroleum 
spirit) was added, and the solution shaken for five minutes, 
to extract the yttrium into the organic layer. The acru.eous 
layer was discarded and the T.B.P. phase washed twice by 
shaking for two minute intervals with 50 ml. of cone. nitric 
acid. The yttrium was removed. f'rom the T.B.P. by shalting for 
one minute each with three 10 rnl. port ions 01; water. 'rhe 
a~µeous, extracts were combined in a centrifuge tul)e, and 
yttrium hydroxide precipitated by addition of cone. ammonia .• 
The precipitate was centrifuged dovm and the superna.te dj.scarded. 
Step 6. 
.step 7. 
Step 5 was repeated .• 
'l'he precipitate of yttrium hydroxide was dissolved 
in 2 ml. of 5N HCl and diluted to 10 ml. with water. The 
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sal~tion was transferred to a clean centrifuge tube and 
yttrium hydroxide reprecipitated by addition of cone. 
ammonia. The precipitate Vias centrifuged dovm and the 
supernate discarded. The precipitate was. redissolved in 
2 ml. of 5N HCl and dl.luted to 10 ml. with water. The 
solution was heated in a water bath and 15 ml. of saturated 
ammonium oxalate added. The heating was. continued for ten 
minutes· and then the solution was c.ooled for five minutes. 
in an ice bath. The precipitate was transferred to a weighed 
filter disc and washed with water, alcohol, and ether and 
dried for weighing and counting. 
5. MOLYBDENUM 
Preparation and Standardisation of Carrier 
A molybdenum carrier solution containing 10 mg. 
molybdenum/ml. was prepared by dissolving ammonium molybdate 
in water, with addition of HCl and sodium bromate. This was 
s.tandardised by precipitation of molybCLenum oxinate from 
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aliquot parts, by the method described in Vogel. 
Radiochemical Procedure 
Step 1. The sample of irradiated thorium was dissolved in 
5 ml. dilute nitric acid containing 10 mg. quantities of 
carriers for the elements to be separated, including molybdenum. 
After steps to ensure complete isotopic exchange between 
fission p1 .. oducts and added ca1•riers, the other elements we1•e 
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separated and the solution diluted to 20 ml. 10 ml. o<-benzoin 
oxime reagent were added to precipitate molybdenum, and the 
solution stood for five minutes to allow the precipitate to 
coagulate. The precipitate was centrifuged dovm and the 
supernate was discarded. The precipitate was washed with 10 ml. 
lM nitric acid and the washings dise:arded. 
Step 2. The precipitate from Step l was transferred to a 
·beaker with washings of f'uming nitric acid and 1 ml. 7afo 
perchloric acid added. The solution was hea.ted, with further 
addition of nitric: ac;id, to des.troy the organic reagent. 
step 3. 'fhe solution was cooled and diluted to 20 ml. with 
water. It was then made alkaline by addition of cone. ammonia 
and 1 ml. iron carrier solution added, for a scavenging pre-
>.1. 
e:ipi tation. · The precipitate of ferric hydroxide was c,entri-
fuged dovm and discarded. The supe rna te was made ae·id again 
by addition of nitric acid and molybdenum reprecipitated with 
-benzoin oxime. The precipitate was centrifuged dovm and 
washed with lM nitric acid.· 
Step 4. The precipitate was dissolved in nitric ac::id -
perchloric acid a'gain and the solution heated to des.troy the 
* Addition of iron before malting the solution alkaline 
was found to reduce the yield of molybdenum, as the 
bulk of it was found to be carried down with the ferric 
hydroxide in these circumstances. 
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organic reagent. The solution was cooled and diluted to 
30 mla with water.. 1 ml. of saturated ammonium oxalate was 
added to complex any technetium in the solution and molyb&enwn 
oc.-benzoin oxime reprecipitated on addition of 10 ml. reagent •. 
The precipitate was: centrifuged down and washed aa in Step 3. 
Sten 5. The precipitate was. digested with nitric acid -
perchloric acid again and the solution diluted to 30 ml. with 
wate1.... The solution was. made alltaline by addition of ammonia 
and then just acid to methyl red by addition of a few drops. 
of 5N sulphuric: acid. 5 ml. of 2N anunoniurn acetate was. added 
as a buf'fer and the solution heated to 9o0 c. Molybdenum was. 
precipitated by addition of' a ~b solution of oxine in dilute 
acetic acid and the solution heated until the precipitate 
c:oagulated. The precipi ta.te was. centrifuged. a.own ana. t.he 
supernate discarded. The precipitate was washed with 20 ml. 
of hot water and transferred to a weighed filter disc. It 
was then washed with alcohol and ether and dried for weighing 
and counting. 
6. RUTHENIUM 
Preparation and Standardisation of Carrier 
A solution of ruthenium trich~oride was prepared, con-
taining 10 mg. ruthenium/ml. in lN HCl. For S;tandardisation, 
aliquot parts of the solution were made alkaline with sodium 
hydroxide, and ruthenium dioxide precipitated on digestion 
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with ethanol, as in the fission-product investigation. 
Radiochemicl!,l Proc.edure 
Step 1. Irradiated thorium nitrate was dissolved in cone. 
HCl containing 10 mg. ruthenium carrier. 6 - 8 drops saturated 
. 
eerie sulphate solution was added, and the solution warmed, to 
ensure complete exchange between fission-product ruthenium and 
added carrier. The solution was diluted to 10 ml. with wa.ter, 
and ruthenium sulphide precipitated on passing H S through 2 
the solution. The precipitate was centrifuged down and the 
supernate put to one side for the separation of other elements. 
Step 2. The precipitate of ruthenium sulphide was dissolved 
with 0.5 ml. nitric acid and transferred with washinga of 
nitric acid to the distillation vessel. 5 ml. of freshly 
prepared 12N sodium hydroxide was placed in tl1e receiving 
vessel, and this surrounded with ic.e-cold water. 10 ml. of 
perchloric acid was. added to the solution of ruthenium and 
the flow of air through the apparatus adjusted to 2 - 3 
bubbles per see:ond. The still was heated gently until all the 
ruthenium was distilled over i'nto·the alkali. (The solution 
in the still lost its deep red colour, and the alkali became 
orange-brown). 
Step 3. The alkaline catch solution was transferred to a 
beaker, and diluted to 25 ml. 5 ml. of ethanol was added and 
the solution heated to boiling to precipitate r•uthenium dioxide. 
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The precipitate was centrifuged down and the supernate discarded. 
The pr•ecipi tate was transferred to a tared filter disc: with 
washings of water, washed with alcohol and ether, and dried 
for weighing and counting. 
7. PALLADIUM-SILVER-~~ILKING 
Preparation anq Standardisat~OP._..Q..f_Q~~~~~~ 
(i) A carrier solution of palladous chloride in lN HCl waa 
prepared, containing 10 mg. palladium/ml, and s,tandardised by 
precipitation of palladium dd;me.thyl_glyoxime as described by 
Vogel~9 ) 
(ii) The silver carrier used in the milking experiments was 
the same as. that used in the direct separation of fission-
product silver, being 10 mg./ml. silver as silver nitrate. 
(See page 99 ) • 
Radiochemical Procedure: 
(i) Separation of Palladium 
Step 1. Irradiated thorium nitrate was. dissolved in HCl::con-
taining 10 mg. quantities of palladium, zirconium, and any 
other elements to be determined. Ai'ter digestion and a redox 
procedure to ensure complete isotopic exchange of f'ission-
products and added carriers the solution was diluted to 2N 
in HCl and 2.5 ml. of 1% alcoholic solution of dimethylglyoxime: 
added to precipitate palladium. Ai'ter standing for five 
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minutes the precipitate was centrifuged down and the supernate 
reserved for the separation of other element&. 
Step 2. The precipitate of palladium dimethylglyoxime was 
transferred to a beaker with washings of cone. nitric acid 
and the solution heated to destroy the organic reagent. The 
solution was cooled and diluted to 10 ml. with water. 5 mg. 
of iron carrier was ad~ed and the solution made alkaline with 
ammonia. 10 mg. silver carrier was. added and sufficient 
potassium iodide solution to precipitate all the silver. The 
precipitates were centrifuged down and discarded. 
Step £. The scavenging precipitations were repeated. by 
addition of 5 mg. more iron carrier and 10 mg. of silver 
carrier, diges.ting, and centrifuging. 
st~ __ 4.. Th~ supernate was. acidified with HCl and any silver 
chloride precipitate removed by centrifugation. 2.5 ml. of 
dimethylglyoxime reagent was. added and the solution stood. for 
five minutes as palladium dimethylglyoxime was precipitated. 
The precipitate was transferred to a tared filter disc and. 
washed with water, alcohol, and ether. The source was dried 
in a d~siccator and weighed. 
(i:t.) Milking of sil ve1" fr·om palladium 
Step l. The precipitate of palladium dimethylglyox}me was 
transferred to a beaker w-i th washings of cone. nitric ac:id and 
the solution heated to· destroy the organic. reagent~ 10 mg. of 
silver carrier was added and the total volume adjusted to 
10 ml. with water. 
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Ste_p_g. When sufficient time.·. had.)elapsed for 112Ag to grow 
in from the ll2pd, silver chloride was precipitated at a noted. 
time on addition of lN HCl. The precipitate was. centrifuged 
dovm and purified for counting (Steps 3 and 4) and palladium 
was recovered from the supernate for subsequent milking opera-
tions (Step 5). 
Step 3. The precipitate of silver chloride from Step 2 was: 
dissolved in 3 - 4 ~rops cone. ammonia and the solution 
diluted to 5 ml. Two s.cavenging precipitations of fer1~ie: 
hydroxide were carried out on addition of 5 mg. amounts of 
iron carrier. 
Ste:Q_!. Silver chloride was reprecipitated on acidifying 
the solution with lN HCl. The precipitate was washed with 
water, aleohol, and ether} and dried for weighing and counting. 
Palladium was precipitated from the supernate from 
step 2. by addition of 2.5 ml. of dimethylglyoxime reagent. 
The precipitate was transferred to a filter disc: and washed. 
and dried in the usual way. The precipitate was. weighed in 
preparation for the repetition of the silver milking for as 
long as sufficient activity was. available. 
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8. SILVER 
Preparation and. Standardisation of Carrier 
A ca-rrier solution of silver nitrate containing 10 mg. 
of silver/ml. was prepared and. s1tandardis:ed by precipitation 
of s:il ve.r iodate from aliquot parts.. 
Radiochemical Procedure 
Step 1. Irradiated thorium nitrate was dissolved in cone. 
nitric acid containing 10 mg. of silver carrier and carriers 
for zirconium and other elements, to be s.epara.ted. After diges,... 
tion to facilitate exchange of fission-product spe.c:ies; and 
added carriers,. the solution was diluted w-i th wai.ter and silver 
chloride precipitated on addition of HCl. The precipitate was 
c.entrifuged dOl,m and the supernate reserved for the separation 
of other elements, at a convenient time. 
Step 2. The precipitate of silver chloride was dissolved in 
2 ml. of cone. ammonia, and the solution diluted to 10 ml. 
A scavenging precipi ta ti on of ferric hydroxid.e wa.s carried out, 
and the precipitate discarded. 
Step 3. 5 ml. of 40% E.D.T.A. in ammonia was added to the 
solution and the mixture s.tirred.. l ml. of 2.5% benz.otriaz.ole; 
was. added, and the solution s.tood for five minutes. for the pre:-
cipi tation of silver benzotriazole. The precipitate was; c.entri-
fuged down and the superna te di s·carded. 
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Step 4. The precipitate was diss:olved on wa·rming with 1 ml. 
of cone. nitric acid and the solution diluted to 10 ml. S~lver 
chloride wa.s precipitated on addition of l ml. of lM HCl, and 
the precipitate centrifuged down. 
Step 5. 
Step 6. 
s.teps, 2 and 3 were repea.ted. 
The precipitate of silver benz.otriazole w:as. dissolved 
on warming with 1 ml. of' cone. nitric acid. The solution was: 
made alkaline with 6N NaOH, and three drops excess. added to 
precipitate silver oxide. The precipitate was centrifuged down 
and the supernate discarded. The silver oxide was dissolved in 
4 drops of cone. sulphuric acid and the solution heated. to dry-
ness:. 
Step 7. After cooling, the res;idue was dissolved. in 20 ml. of 
water and 1 ml. of 2M HI03 added to precipitate silver iodate. 
The precipitate was. centrifuged down and the supernate discarded. 
The s.ilver iodate was diss.olved in 4 dlrops of cone. ammonia, 
the solution centrifuged, and transferred to a clean tube. 
S.tep 8. 3 drops; of cone. sulphuric acid were added to the 
solution which was then diluted to 10 ml. to reprecipitate 
silver iodate. The precipitate was transferred to a tared 
filte1" disc, washed with water, alcohol, and ether, and dried!. 
for weighing and counting. 
9. ANTIMONY 
Preparation and Standardi sa.tion of Carrier 
A carrier solution cont21lining 10 mg. of antimony/ml. in 
102. 
6N HCl was prepared and standardised by precipitation of metal-
lic antimony with chromous cllloride, a.a described by Kleinberg. 25 
Radiochemical Procedure 
S.tep 1. Irradiated thorium carbonate was dissolved in 5 ml •. 
of cone. HCl, and carriers for zirconium and antimony (III) 
added. Chlorine was passed through the solution to oxidis.e 
antimony to.the (V) s.tate to facilitate complete isotopic ex-
change. The solution was, heated to expel excess• chlorine. 
Step 2. The solution was diluted to 25 ml. and saturated. with 
H2s. to prec:i.pi ta te antimony sulphide. The precipitate was 
centrifuged down and the supernate reserved for the recovery 
of zirconium. The precipitate was waished with water and the 
washings discarded. 
Step 3. The prec.ipi tate was. dissolved in 5 ml. of cone. HCl 
and eva.porated do\m to l - 2 ml. to eliminate the presence of 
sulphide. The solution wa.s diluted to 10 ml. with cone. HCl 
and saturated with chlorine, to ensure that all the antimony 
was. in the (V) s.ta te. Excess. chlorine wa.s, expelled by heating, 
and the solution cooled and transferred to a separatory furuiel •. 
Step 4. The antimony was extracted into 25 ml. of di-isopropyl 
ether, ~~ich had previously been equilibrated with cone. HCl, 
and the aqueous layer discarded. The antimony wa.s ba.clt-extra:cted 
into a saturated solution of hydrazine hydrochloride and potas-
siwn thiocyanate, and the organic layer discarded. The aJ.queous. 
layer was wa:Shed with a further 25 ml. of di-is.opropyl e.ther 
10~_. 
and the washings discarded. The ~queous. layer was trans.ferred. 
to a centrifuge tube. 
Step 5. A few drops of telluriwn carrier were added to the 
aqueous solution from Step 4. and tellurium precipitated on 
heating. The precipitate was removed by centrifugation. 
Step 6. Chromous chloride solution was a.dded to the clear 
supernate from Step 5. to precipitate metallic antimony. This 
precipitate was transferred to a weighed filter disc, washed 
with water, alcohol,. and ether, and dried for weighing and 
counting. 
10 (a.) TELLURIUM 
Bl"eparation and Standa·rdisa.tion of Csr1•ier 
A carrier solution containing 10 mg. of tellurium/mla in 
HCl was prepared and standardised by precipitation of elementary 
telluriwn from aliquot parts by saturation With S02 , as. de.seTibed 
by Glendenin!60) 
Radiochemical Procedure 
Step 1. Irradiated thorium nitrate was diss.olved in 10 ml. of 
nitric acid containing carriers. for tellurium, zirconium, and 
other elements to be investigated. To facilitate complete 
isotopic exchange, tellurium was oxidised by addition of 
potassium permanganate solution, and then excess permanganate 
removed by addition of hydrogen peroxide. The solution was. 
evaporated down to half-volume, with addition of HBr, and. 
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diluted once more to 10 ml. Telluriwn was precipitated on 
passing so2 through the solution. The precipitate was centri-
f'uged down and the supernate reserved :for the separation of' 
other elements .• 
Step 2. The tellurium was dissolved in 5N nitric ac-id and 
10 ml. of' cone. HCl added. The solution was. evaporated. to near-
dryness. to get rid of nitric acid. A f'urther 10 ml. of' cone. 
HCl was added and the evaporation repeated. The solution was 
diluted to 3N in HCl and tellurium reprecipitated on pass.ing 
so2 through the solution. 
Step 3. The telluriwn precipitate was dissolved in nitric ac:id 
and evaporated down with HCl as in Step 2. The solution was 
made up to 5 ml. with water and 6N ammonia added until the pre-
cipitate of' telluric acid which formed re.dissolved, and. a 
further 10 drops excess ammonia added. The solution was scaven-
ged twice ·with precipitations. of ferric hydroxide and these pre-
cipitates discarded. The solution was made 3N in HCl and 
tellurium precipitated with so 2• The precipitate was. centri-
f'uged dovm and the supernate discarded. 
Step 4. The tellurium was redissolved and reprecipitated as 
in s.tep 2. The final precipitate was transf'erred to a weighed 
filter disc with washings of water, washed with alcohol and 
ether, and dried for weighing and counting. 
10 (b) MILKING OF IODINE FROM TELLURIUM 
Preparation and Standardisation of Carrier 
105. 
A carrier solution of potassium iodide was prepared, con-
taining 10 mg. of iodine/ml. and standardised by precipitation 
of silver iodide from aliquot parts .• 
Radiochemical Procedure 
Step l~ Tellurium was separated from irradiated thorium by 
the proc.edure given above•. A:rter weighing, the tellurium 
source was dissolved in nitric acid, and the solution evaporated 
down, with additions of HCl. 10 mg. of iodine carrier were 
added and the solution stood until the 2.3 hour iodine had 
grovm into equilibrium with the tellurium (a.t leas.t 12 hours). 
S.tep 2. The solution was made alkaline with ammonia, 5 - 6 
d!rops of sodium hypochlo1"'i te added, and the solution warmed. 
The solution was, made acid with HCl, 1 ml. of 6% hydroxylamine 
hydrochloride added, and the solution cooled with running water. 
Iodine was extracted into 2 x 10 ml. carbon tetrachloride. The 
aqueous layer was reseI•ved :for the r·ecovery of tellurium for 
subsequent milkings, as described in Step 6. 
Step 3. The organic layer from Step 2 was shaken with 10 ml. 
of' water containing a few drops of' sodiwn bisulph.tte solution 
until both phases were colourless. The organic layer was. dis-
carded. 
S.tep 4. l ml. of 6M nitric acid was added to the aqueous layer 
from Step 3. together with a few drops of lM s.odium nitrite. 
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The iodine liberated was extracted into 15 ml. of carbon tetra-
chlo1.,ide. 
Step 5. The iodine was back-extracted into 10 ml. of water 
containing sodium bisulphite, and the organic phase discarded. 
The aqueous layer· was transferred to a beaker and 1 ml. of 6M 
nitric acid added. The solution was warmed to remove so2• 1 ml. 
of 0.1 N silver nitrate was added to precipitate silver iodide. 
The precipitate was transferred to a weighed filter disc, washed 
with water, alcohol, and ether, and dried for weighing and 
' 
counting. 
Step 6. Telluriwn was reprecipitated from the aqueous layer 
from Step 2, on saturation with so 2• The precipitate was trans-
ferred to a weighed filter disc and washed, dried and weighed 
in the usual manner. For as long as the silver iodide sources. 
pl"'oduced contained sufficient activity for counting, the tel-
lurium was redissolved and the milking procedure repeated. 
11. BARIUM 
Preparation and Standa1.,di sat ion of Cai-•rier 
A carrier solution of barium nitrate containing 10 mg. of 
barium/ml. was prepared and standardised by precipitation of 
barium chloride with HCl - ether reagent, as described by 
Glendenin~ 61) 
Radiochemical Procedure 
Barium and strontium were usually separated together from 
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irradiated thorium. Af'ter two pre.cipi tations of barium and 
str·ontium ni t1,ates with nitric acid, barium was separated f'rom 
strontium by precipitation of barium chromate from a. buf'fer.ed 
solution. These steps are given in detail in the procedure for 
strontium, page 89. The following procedure commences with the 
precipitate of barium chromate. 
Step 1. The precipitate of barium chromate was washed with 
10 ml. of hot water and the washings discarded. The precipitate 
was dissolved in 1 - 2 ml. of 6N HCl, and 15 ml. of HCl - ether 
reagent ( 2or~ ethe1,, 80)~ HCl) added. 'fhe solution was. s.tirred 
for two minutes as barium chloride was. precipitated. The pre-
cipitate was. centrifuged down and the supernate discarded. 
Step 2. 'rhe precipitate. was dissolved in 1 ml. of water and 
then reprecipitated on addition of 15 ml. of HCl - ether reagent. 
The precipitate was centrifuged dO\m and the supernate discarded. 
The precipitate was transferred to a weighed filter disc: with 
washings of 41& HCl in alcohol, washed with alcohol and ether, 
and dried for weighing and counting. 
12. CERIUM. 
Preparation and S.tandardisation of Carrier 
A s.olution of ce.rous nitrate was prepared containing 10 mg. 
of e·erium/ml. This was standa1"dised by precipitation of cerium 
oxalate from aliquot parts in a similar way to which the fission-
product sources were prepared. 
108. 
Radiochemical Procedure 
Step 1. Irradiated thor.iun nitrate was dissolved in 4 ml. of 
lON nitric acid containing 10 mg. eacl1 of carriers for cerium, 
zirconium, and other elements to be separated. 6 - 8 drops of 
saturated sodium bromate solution was added and the solution 
warmed to oxidise cerium to the (IV) state. The solution was. 
cooled and 5 ml. of 6% hydroxylamine hydrochloride solution 
added to reduce the cerium to the (III) state. Zirconium was 
precipitated on addition of mandelic acid and the precipitate 
separated for purification of z.irconium. Thorium was precipita-
ted on addition of 25 ml. of 2M.HI03 , and the precipitate 
removed by centrifugation. 
s.tep 2. The s upernate from S.tep 1 was made alkaline with 6N 
NaOH to, precipitate cerium hydroxide. The precipitate was. 
centrifuged down and the supernate discarded. The precipitate 
was. dissolved in 1 ml. of cpnc. nitric acid and the solution 
made up to 10 ml. with 9N nitric acid and 2 ml. of sodium 
bromate solution. Cerium (IV) was extracted into hexane which 
had previously been equilibrated with nitric acid - sodium 
bromate solution, and the aqueous phase discarded. The organie 
layer was washed with lO ml. of nitric acid - sodium bromate 
s.olution and the washings discarded. 
Step 3. The cerium was back-extracted into 2 x 5 ml. of water 
containing 0.25 ml. of 60% hydrogen peroxide. The cerium solu-
tion ·was made ju-§t. allcaline by addition of cone. ammonia, and 
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then 1.5 ml. of' 6N nitric acid added. The solution was heated 
to nearly boiling and 10 ml. of saturated ammonium oxalate 
added, to precipitate cerium oxalate. The solution was cooled, 
the precipitate centrifuged down, and the supernate discarded. 
Step 4. The precipitate was dissolved in 1 ml. of' cone. 
nitric acid and the solution diluted to 10 ml. with water. The 
solution was~_hea:te.d and cerium oxalate precipitated as in Step 
3. The precipitate was transf'erred to a weighed filter dis:c, 
washed vrith water, alcohol and ether, and dried for weighing 
and counting. 
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